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SECTION  I 
INTRODUCTION 

This  report  describes  work  performed  under  the  extension  (Supplemental 
Agreement  F00007)  of  the  Aircraft  Hydraulic  System  Performance  Analysis  contract. 
This  effort  was  a continuation  of  the  basic  contract,  the  results  of  which  were 
reported  in  Reference  (1) . 

The  task  involved  the  development  and  verification  by  test  of  digital 
computer  models  and/or  programs  in  four  areas. 

1.  HYDRAULIC  LINE  MECHANICAL  RESPONSE  (HLMR) 

A test  program  was  conducted  to  determine  the  mechanical  resonances  and 
■ode  shapes  of  hydraulic  lines  due  to  internal  excitation  by  flow/pressure 
p-ilsations  from  a typical  piston-type  hydraulic  pump.  The  objective  was  to  develop 
and  verify  a computer  program  for  predicting  line  mechanical  response  based  on 
pump  flow/pressure  pulsations  predicted  by  the  Hydraulic  System  Frequency  Response 
(HSFR)  program,  which  was  developed  during  the  basic  contract.  Basic  data  for 
the  design  of  central  hydraulic  piping  systems  was  obtained  as  well  as  the  effects 
of  an  intermediate  elastomeric  pipe  support. 

2.  F-15  PISTON  PUMP  MODEL  VERIFICATION 

An  F-15  instrumented  hydraulic  pump  (Abex)  was  used  during  the  basic  contract 
to  verify  the  pump  Hydraulic  Transient  Analysis  (HYTRAN)  model.  A direct  case 
pressure  pickup  was  added  to  the  pump  and  certain  tests  were  repeated.  Direct 
case  pressure  data  was  utilized  along  with  additional  analysis  of  original  veri- 
fication data  to  further  improve  the  pump  model. 

3.  VANE  PUKP  MODEL  DEVELOPMENT  AND  VERIFICATION 

HSFR  and  HYTRAN  models  were  developed  and  verified  by  test  for  a variable 
volume  vane  pump.  The  unit  modeled  and  tested  was  the  vane  stage  of  the  main 
fuel  pump  (MFP-330)  on  the  F-100  turbojet  engine.  It  was  designed  and  is  supplied 
by  Chandler  Evans  Inc.,  Control  Systems  Division.  The  pump  was  tested  using  MIL-H- 
5606B  hydraulic  oil  consistent  with  previous  model  development  work  and  the 
established  Hydraulic  Performance  Analysis  Test.  Facility  (HPAF)  . 

4.  HYDRAULIC  MOTOR  MODEL  DEVELOPMENT  AND  VERIFICATION 

HSFR  and  KYTRAN  models  were  developed  and  verified  by  test  for  a constant 
displacement,  piston-type  hydraulic  motor.  The  unit  modeled  and  tested  was 
designed  and  supplied  by  Aero-Hydraulics,  Inc.  (The  Garrett  Corporation). 

The  test  motor  is  used  in  the  F-18  leading  edge  manuevering  flap  system,  and  similar 
units  are  used  in  F-15,  F--14,  and  B-l  applications. 
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Test  methods  and  instrumentation  were  the  same  as  described  in  Reference  (1) 
for  test  work  during  the  basic  program.  Special  test  setups  required  for  the 
vane  pump  and  hydraulic  motor  are  described  in  subsequent  sections  of  this  report. 
Computer  models  developed  during  the  supplemental  contract  are  in  the  same  format 
as  those  developed  during  the  original  contract,  and  are  compatible,  "building 
block"  additions  to  the  HSFR  and  HYTRAN  computer  programs  documented  in  References 
(2)  through  (5). 
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SECTION  II 

HYDRAULIC  LINE  MECHANICAL  RESPONSE  (HLMR)  PROGRAM 


Hydraulic  line  vibrations  due  to  pulsations  from  axial  piston-type  pumps 
can  create  serious  problems  in  aircraft.  These  internal  forcing  functions  cause 
the  hydraulic  system  lines  to  vibrate  and  transmit  loads  into  supporting  structure. 
The  importance  of  developing  analytical  tools  coupled  with  experimental  tests 
was  recognized  by  AFAPL  and  funds  were  allocated  in  the  program  extension  to 
pursue  this  development. 

The  objectives  of  the  HLMR  program  effort  were  to: 

o Develop  and  verify  a computer  program  for  prediciting  line  mechanical 
response  due  to  predicted  pump  pulsations. 

o Provide  basic  data  for  the  design  of  piping  systems. 

o Provide  information  regarding  intermediate  supports. 

The  test  program  included  determining  the  mechanical  resonances  and  mode 
shapes  due  to  pump  excita  Aon  of  three  configurations:  i straight  pipe,  a 
pipe  with  a 90-deg.  bend,  and  a pipe  with  two  90-deg.  bends  (dogleg).  In 
addition,  the  effect  of  an  intermediate  elastomeric  support  was  evaluated. 

1.  BACKGROUND 

a.  Previous  MCAIR  Effort 

An  initial  effort  to  evaluate  the  mechanical  response  of  a hydraulic  in- 
stallation due  to  internal  forcing  functions  was  reported  in  Reference  (6). 

This  preliminary  investigation  used  forcing  functions  from  the  pressure  and 
flow  transmitted  by  the  pump,  as  provided  by  the  KSFR  computer  program.  The 
results  indicated  that  the  hydraulic  line  normalized  amplitudes  varied 
directly  with  the  Intensity  of  the  forcing  function.  Although  the  program's 
predictions  indicated  the  amplitude  trend,  it  did  not  duplicate  the  mechanical 
resonances. 

b . Literature  Survey 

A review  of  published  literature  was  conducted  to  determine  the  extent 
of  work  performed  on  fluid-line  coupling  analyses.  Appendix  A presents  an 
annotated  bibliography  of  the  literature  surveyed. 

It  was  determined  that  much  effort  has  been  devoted  to  analyzing  large 
piping  systems  transporting  oil  through  the  Arabian  fields,  water  within  Navy 
shipboard  piping,  and  academic  stylized  systems.  Except  for  the  Navy  studies, 
all  analyses  concentrated  on  straight  pipes  with  different  support  conditions 
and  variations  in  internal  fluid  velocity.  None  studied  the  coupling  between 
hydraulic  pump  pulsation?  and  line  mechanical  response. 
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2.  TEST  SET-UP  AND  PROCEDURES 

Three  different  pipe  configurations  of  equal  length.  Figure  1,  were 
installed  in  MCAIR’s  HPAF  test  fixture.  The  specimens  consisted  of  one-inch 
outside  diameter,  with  .v’*l-in.  wall  thickness,  3AL-2.5V  titanium  tubes; 
a straight  pipe,  a pipe  with  a single  90-deg.  bend,  and  one  with  two  90-deg 
bends  (dogleg).  In  each  case  the  pipe  was  rigidly  mounted  at  each  end  using 
Dynatube  fittings  between  brackets,  Figure  2,  attached  to  a steel  plate.  In 
the  test  set-up,  the  pipe  specimens  were  part  of  the  pressure  system  between 
the  pump  and  the  flow  control  valve,  and  isolated  from  extraneous  mechanical 
vibration  inputs  in  order  to  determine  only  the  effect  of  the  pump  pulsations. 

The  test  circuit  included  a trombone  tube  section  to  permit  adjustmen.  of  the 
standing  wave  location  in  the  test  specimen.  The  test  fluid  was  MIL-H-5606B 
hydraulic  oil. 

Tests  with  an  intermediate  support  placed  at  the  locations  shown  in 
Figure  1 were  conducted  to  determine  the  effect  of  an  elastomeric  clamp  on 
line  responses. 

Six  single  axis  accelerometers  were  installed  on  each  specimen  at  the 
same  location  with  respect  to  the  pipe  centerline.  • Triaxial  accelerometers 
to  record  data  simultaneously  along  three  orthogonal  axis  were  not  ermloved , 
since  their  weight  vo* id  have  affected  the  line  response.  Lightweight  single 
axis  accelerometers  were  used  to  minimize  this  effect.  Tests  had  to  be  repeated 
for  each  axis  thereby  increasing  test  time  for  each  configuration. 

Pressure  transducers  and  thermocouples  were  installed  in  the  test 
set-up.  The  standing  pressure  wave  in  the  test  line  was  determined  as  a function 
of  pump  speed  by  means  of  a roving  transducer. 

All  the  test  data  was  run  with  a pump  outlet  flow  of  2.0  gpm  and  a nominal 
pump  inlet  temperature  of  130°F.  Each  test  specimen  was  run  undamped  and 
clamped  before  moving  the  accelerometers  to  a different  axis.  A pump  ^ peed 
sweep  from  1000  to  5000  rpm  was  made  while  recording  analog  data  on  tape-. 

Data  plots  of  acceleration  as  a function  of  pump  speed  were  made  from  the  tapes. 
These  plots  were  used  to  identify  the  pump  speeds  at  each  mechanical  resonance. 
Then,  for  each  significant  mechanical  resonance  condition, spectrum  analyses 
were  obtained  while  dwelling  the  pump  at  the  resonant  speed.  In  addition,  the 
phase  relationship  was  obtained  between  a reference  accelerometer  and  all  other 
accelerometers. 


4 


r 


4 


TITANIUM  1Q0.  X-OSI  WAL'u 


(e)  SIX  accelerometers 


I— 27.8  • 


-CLAMP  (TYP  ALL  LINES! 


STRAIGHT 


10.8 

' L 


l_L 


one-elbcu 


J 30  R fTYp-\  j i 

— 

TU0-EL80U 


FIGURE  1.  TEST  CONFIGURATIONS 


,F-t5  HYO  PUM5 

relief  valve 


r-i ,~.:rx 

H7 


test  SPECIMEN- 


/ il 


!^-iN  steel  plate 


/ A 

/ LC  AO  VALVE / 


TROMBONE  TU&E' 


FIGURE 


2.  TEST  SET-UP  SCHEMATIC 
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3.  TEST  RESULTS 


a . Pump  Pressure  Pulsations 

The  standing  pressure  wave  was  determined  from  the  graphical  data  of  fundamental 
pressure  peaks  versus  pump  speed  at  a number  of  pre-set  locations  using  i 
roving  transducer.  As  prevf  usly  mentioned,  all  test  data  was  obtained  with 
a pump  outlet  f1  iw  of  2 gpm  and  a pump  inlet  temperature  of  130°F. 

The  results  summarized  in  Figure  3,  indicate  three  resonance  speeds. 

Pump  speeds  above  and  below  those  shown  have  lower  peak  values  and  have 
waves  with  translational  nodes  as  seen  in  Figures  A through  8. 


FIGURE  3.  HYDRAULIC  RESONANCES 
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FIGURE  8.  PEAK  PRESSURES 
4300-4700  R.P.M. 

b.  Line  Response 

Line  response  data  reduction  was  made  In  terms  of  mode  shapes  for  the  th^ee 
configurations.  The  graphical  presentation  made  herein  shows  the  normalized 
deflection,  base  or.  maximum  amplitude/acceleration,  f.s  a function  of  pipe 
length  for  each  resonance  speed.  In  addition  the  reference  acceleration 
previously  mentioned  is  shown  for  each  case.  For  specimens  with  bends,  the 
inplane  and  out-of-plane  modes  are  shown  for  a visualization  of  the  motions 

Involved.  It  Is  seen  that  the  cushioned  elastomeric  clamp  had  no  effect  on  / 

i 

restraining  the  line  (almost  Identical  mode  shapes)  but  slightly  lowered  ; 

the  acceleration. 

(1)  Straight  Pipe 

Both  unc lamped  and  clamped  conf igxiratlons  exhibit  almost  identical 
mode  shapes,  Figures  9 and  11,  equivalent  to  the  third  harmonic  at  the  same 
excitation  level.  Note  that  che  line  resonance  condition  coincides  with  the 

second  resonance  of  the  standing  pressure  wave.  j 

The  clamped  set-up  had  a slightly  higher  acceleration  with  the  clamp 
providing  no  physical  effect  on  the  mode  shape.  However , It  did  produce  ; 

another  distinct  resonance.  Figure  10,  characterized  by  a longitudinal  accelera- 
tion which  was  the  highest  for  the  straight  line  configuration. 

5, 

9 1 


PUMP  SPEEO  2900  PPM  (435  HZ) 
FREQUENCY  435  HZ 


22-6 


FIGURE  9.  HYDRAULIC  SYSTEM  LINE  RESPONSE  STRAIGHT 
PIPE  UNCLAMPED  MODE  SHAPE  DATA 
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FIGURE  10.  HYDRAULIC  SYSTEM  LINE  RESPONSE  STRAIGHT 
PIPE  CLAMPED  MODE  SHAPE  DATA 
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FIGURE  11.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

STRAIGHT  PIPE  CLAMPED  MODE  SHAPE  DATA 

(2)  One-Elbow  Pipe 

Undamped  and  damped  configurations  had  identical  resonances,  similar 
■ode  shapes  and  accelerations  slightly  lower  for  the  latter  case.  Both  set-ups 
had  a recurring  frequency  at  1030-1035  Hz  corresponding  to  higher  harmonics  of 
the  pump  speeds  shown  on  Figures  12  and  15.  The  basic  mode  shape  for  these 
cases  have  two  nodes  such  that  the  inplane  normalized  deflections  show  the 
characteristics  of  the  third  mode  of  a cantilever  or  fixed-pinned  beam  for  the 
first  leg,  and  the  first  mode  for  the  second  leg.  The  out-of-plane  deflections 
compare  with  those  of  the  third  mode  for  a fixed-fixed  beam. 

Peak  accelerations  for  this  configuration  occurred  at  the  elbow  in  the 
inplane  direction.  Interestingly,  the  second  standing  pressure  wave  resonance 
at  2900  RPM  also  excited  a mode  shape  similar  to  the  previously  discussed 
inplane  deflections  for  1035  Hz.  However,  there  was  little  motion  in  the  out- 
of-plane  direction  although  only  the  clamped  version  was  measured  as  seen  in 
Figures  13  and  16. 

The  only  frequency  occurring  on  the  first  harmonic  of  the  pump  speed  is 
at  653  Hz  (4350  RFK)  sad  produced  the  maximum  accelerations  for  both  the  unclamped 
and  clasped  conf igurations  with  the  latter  having  a slightly  (tan  percent)  lower 
accelerations.  The  Inpistw  mode  shapes,  seen  in  Figures  14  and  17,  are  basically 
the  first  leg  motion  coupled  to  that  of  the  second  leg  with  the  maximum  acceleration 
measurement  at  the  station  after  the  elbow,  away  from  the  pump. 
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FIGURE  12.  HYDRAULIC  SYSTEM  LINE  RESPONSE 
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FIGURE  13.  HYDRAULIC  SYSTEM  t.JN£  RESPONSE 
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FIGURE  14.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

ONE-ELBOW  PIPE  UNCLAMPED  MODE  SHAPE  DATA 
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FIGURE  15.  HYURAULIC  SYSTEM  UHE  RESPONSE 

ONE- ELBOW  PIPE  CLAMPED  MODE  SHAPE  DATA 
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FIGURE  16.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

ONE-ELBOW  PIPE  CLAMPED  MODE  SHAPE  DATA 
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FIGURE  17.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

ONE-ELBOW  PIPE  CLAMPED  MODE  SHAPE  DATA 
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(3)  Two-Elbow  Pipe 

Two  fundamental  resonances  were  encountered  In  this  configuration  for 
the  unclasped  and  clamped  set-ups.  Both  sets  have  similar  mode  shapes.  The 
out-of-plane  peak  response  occurs  at  2900  RPM,  the  second  standing  wave  resonance, 
with  the  maximum  deflection  midway  of  the  first  leg  as  seen  in  Figures  18  and  20. 
In  addition,  the  measured  accelerations  are  close  to  each  other.  However,  the 
saximum  accelerations  occur  in  the  inplane  direction  with  lateral  cross-tube 
motions  as  shown  in  Figures  19  and  21.  Peak  accelerations  in  the  clamped  set-up 
were  15  percent  lower  than  the  unclamped  version.  , 

(4)  Comparison  Between  Internal  and  External  Data 

Graphical  superposition  of  the  peak  pressures  and  accelerations  are  shown 
in  Figures  22  through  28  for  the  three  test  configurations.  The  general  trend 
for  the  straight  and  two-elbow  lines  is  for  the  peak  acceleration  to  occur 
in  the  vicinity  of  aero  peak  pressure,  and  for  the  one-elbow  line  to  have  the 
pressure  and  acceleration  to  peak  almost  simultaneously.  A possible  explanation 
to  this  disparity  could  be  the  number  of  section  or  legs  in  a line.  Thus,  a 
straight  and  a two-elbow  pipe  consist  of  "odd"  sections,  and  the  one-elbow  has 
"even"  (two  legs)  sections. 


FIGURE  18.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

TWO-ELBOW  PIPE  UNCLAMPED  MODE  SHAPE  DATA 
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FIGURE  19.  HYDRAULIC  SYSTEM  LINE  RESPONSE 
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IN  PLANE 


i — - 

+ . 


N0RMAH2ED 


DEFLECTION 


-l_| 

PUMP  SPEED  2000  RPM (.435  HI) 
FREQUENCY  43S  HI 


I O -I 

OUT- OF-  PLANE 


N0RMAU1ED 


DEFLECTION 


IOP.  G V 


CLAMP 

~ 3W  ■!  0 5'0  6 0 


(f  DISTANCE 

(W.1 


FIGURE  20.  HYDkAULIC  SYSTEM  LINE  RESPONSE 
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FIGURE  21.  HYDRAULIC  SYSTEM  LINE  RESPONSE 

TWO-ELBOW  PIPE  CLAMPED  MODE  SHAPE  DATA 


FIGURE  22.  STRAIGHT  PIPE  UNCLAMPED  2900  RPM  435  HZ 


17 


PEAK  PRESSURE-PSI  PEAK  PRESSURE-PSI 

ACCELtRATlON-j'S  ACCELERATlON-V-S 
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FIGURE  23.  STRAIGHT  PIPE  CLAMPED  2900  RPM  435  HZ 
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SPECIMEN  LOCATION-  IN. 
FIGURE  24.  STRAIGHT  PIPE  Ci-AMPED  4350  RPM  653  HZ 
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(5)  Elastomer  Flexibility 

The  clamp  elastomer  was  subjected  to  successive  weights  in  the  test 
set-up  shown  in  Figure  29.  Also  shown  is  a cross-sectional  view  of  the  wedge-shaped 
yellow  nitrile  clamp  elastomer.  The  results  shown  in  Figure  30,  indicate  that  with 
increases  of  one-pound  or  five-pound  weights  produce  equal  slopes  or  a flexibility 
(spring  rate)  of  1290  lb/in.  This  value  can  be  used  in  future  support  flexibility 

! 

studies.  J 

(6)  Strain  Measurements  f 

Strain  measurements  were  made  on  the  one-elbow  (L-shaped)  pipe  in  the 

| j? 

unclamped  and  clamped  configurations  to  evaluate  pump  effects.  This  was  beyond  | } 

I J 

the  scope  of  the  program.  Two  gages  were  placed  3/8-inch  from  the  line  < 1 

j | 

specimen  edge  closest  to  the  pump.  One  gage  was  Installed  to  register  ' \ 

• j 

the  longitudinal  strain  and  the  other  for  the  circumferential  strain.  The  j 

two  gages  were  attached  to  the  tubing  90-degrees  apart  with  the  circumferential  ; 

strain  on  the  bottom  pipe  surface  and  the  longitudinal  strain  on  the  pipe  surface  ] 

I 

towards  the  inside  of  the  pipe  bend  (horizontal  plane).  ! | 


FIGURE  30  ELASTOMER  FLEXIBILITY  TEST 
Yellow  Nitrile 
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t>.  ANALYTICAL  PROCEDURES 


a.  Terminology 

As  previously  shown  the  frequency  response  data  can  be  used  to  characterise 
the  shape  of  deformation  of  a line  associated  with  each  natural  frequency  or 
resonance.  These  unique  deformation  distributions  along  the  pipe  are  herein 
referred  to  as  mode  shapes.  These  mode  shapes  provide  visual  means  of  analyzing 
the  dynamical  behavior  of  a hydraulic  line. 

A brief  review  of  fundamental  considerations  in  pipe  vibrations  is  appropriate. 

(1)  Degrees-of -Freedom 

This  refers  to  the  number  of  independent  quantities  defining  the  position 
of  » system.  This  means  that  a system  consisting  of  a mass  attached  to  a massless 
spring  and  constrained  to  a unidirectional  motion  has  one  degree  of  freedom  because 
the  system  is  defined  by  the  deflection  of  the  spring.  On  the  other  hand,  a simply 
S".t.-pcrt«d  (pinned-pinned)  beam  or  pipe  has  an  infinite  number  of  degrees  of  freedom. 
Jf.v'.s  ts  due  to  the  flexibility  of  each  element  relative  to  adjoining  ones  which 
rcq.-ive  an  infinite  number  of  element  deflections  to  describe  the  position 
cusp : stely. 

(2)  Vibration  Modes 

The  number  of  principal  modes  is  equal  to  the  number  of  degrees  of 
ffi-Vom.  Frequencies  of  the  principal  modes  of  oscillation  are  called  natural 
frequencies.  Tie  lowest  natural  frequency  is  called  the  first  or  fundamental 
’ode  of  vibration.  a pipe,  or  beam,  has  an  infinite  number  of  principal 
axle3. 

(3)  Resonance 

Resonance  is  a phenomenon  which  occurs  when  a system  is  excited 
periodical?  ? (such  as  by  pump  pulsations)  with  a frequency  at  or  very  near  the 
natut->l  frequency  of  the  system.  At  this  condition,  if  the  damping  of  the  system 
i.s  3wall,  th%  system  will  respond  with  large  amplitudes  which  have  undesirable 
effects. 

Betv-~,*  supports  or  clamps,  a pipe  is  a beam  with  uniform  mass  distribution. 

Bach  restrained  length  possesses  an  infinite  number  of  degrees  of  freedom, 
i.ci_£e  >'cv:tly  vibration  may  occur  in  an  Infinite  number  of  modes  singly  or  in 
vombiration.  Table  1 gives  an  overview  of  vibration  modes  as  a function  of 
VS: '->'■<».  supports.  The  freqtiency  factor  (multiplier)  given  in  the  right  hand 
column  is  an  indication  of  how  the  higher  model  frequencies  vary  under  basic 
conditions.  For  example,  comparing  the  factors,  the  first  and  second  natural 
frequencies  of  a fixed-fixed  pipe  will  be  the  same  as  the  second  and  third 
natural  frequencies  of  a cantilever  pipe  with  the  same  geometric  characteristics. 


TABLE  1.  PIPE  FREQUENCY  OVERVIEW 


SUPPORT 

MODES  OF  v'lE'RATiONi 

FACTOR 

CANTILEVER. 

FIRST  jf-- 

3.52 

SECOND  ?j — 

2 2.4- 

THIRD 

61.7 

PlNNEO-P'hiNED 

FIRST 

9.87 

.SECOND  /^-  ■ 

39.5 

THIRD 

8ft  .9 

FlXED-PiMMEO 

FIRST 

15.4- 

SECOND 

5 0.0 

THIRD 

!04 

FiXED-FtxF.D 

first 

27. -V 

second 

61.7 

ThiuD 

.Zl 

b.  Straight  Pipe:  Transverse  and  Longitudinal  Vibrations 
For  a straight  pine  or  beam,  the  transverse  and  longitudinal  frequencies 
have  baen  studied  by  a number  of  authors  such  a s those  in  References  7 and  8. 

A short  computer  program  including  the  effe'ts  of  a fluid  in  the  pipe 
has  been  accomplished  (Appendix  B)  and  provided  the  inputs  for  Figure  31,  which 
shows  the  effects  of  varying  pipe  length  between  fixed  supports.  Reducing  the 
length  by  one-half  causes  a four-fold  increase  in  the  fundamental  frequency 
and  a potentially  destructive  effect  if  it  falls  within  the  pump  operating 
regime.  Note  that  the  frequency  is  approximately  the  same  for  aluminum,  steal, 
and  titanium  tubes.  This  is  because  the  ratios  of  modulus  of  elasticity  to  density 
for  these  materials  are  nearly  equal.  The  factors  shown  indicate  the  effect  of  fluid 
on  frequencies.  Reducing  the  pipe  diameter  or  increasing  the  wall  thickness  lowers 
the  frequency  since  for  a g. ven  length  the  modifying  parameter  is  the 
square  root  of  the  inertia-area  ratio  as  shown  in  Figure  32.  Although  the 
computer  program  presented  in  Appendix  B is  for  a pipe  with  fixed  or  built-in 
ends,  the  fundamental  and  higher  order  frequencies  for  a straight  pipe  of 
any  ler.gth  between  various  types  of  non-flexible  supports  can  be  determined 
by  means  of  the  frequency  factors  provided  in  Table  1, 
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FLUID:  RED  OIL  AT  IOOCF,  OOOO  PSI 


FIGURE  31.  STRAIGHT  PIPE  BENDING  VIBRATIONS 
FIXED-FIXED  SUPPORTS 


FIGURE  32  INERTIA  AREA  RATIO  EFFECTS  ON  VIBRATIONS 
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A brief  investigation  was  mads  into  the  effect  of  clamp  elastomer  flexibility, 
Figure  33,  which  indicates  that  for  midspan  clamp  tiffnesses  below  30C  lb/ in. 
(test  elastomer  1290  lb/in.),  the  critical  speed  is  only  dependent  on  pipe 
length.  As  the  spring  rate/stiffness  is  substantially  Increased,  there  is  the 
danger  of  having  the  critical  speed  within  the  pump  operating  regime, 
c.  One-Elbow  Pipe  Vibrations 

Programs  were  developed  for  the  in-plane  and  out-of-plane  vibrations  and 
are  included  in  Appendix  B.  For  the  inplane  vibrations,  the  analysis  is  based 
on  simplified  analysis  using  frequency  factors  shown  in  Table  1 for  the 
appropriate  end  conditions  and  modes.  In  addition,  Dunker ley's  method  was 
used  to  find  the  coupling  frequencies.  The  method  is  used  to  find  the 
approximate  value  of  the  frequencies  of  shafting  systems.  The  formula  is  as 
follows : 


1-1  +1  + 1+ *■  1 

2 2 2 2 2 
f fl  f2z  f3  fn 

where  f is  the  approximate  fundamental  natural  frequency  of  the  system,  and 

fl,  f2,  f3,  fn  are  the  natural  frequencies  of  a single  mass  of  a multi-degree 

of  freedom  system.  The  limitations  imposed  on  the  program  is  its  applicability 
to  pipes  with  9C-deg  bend  angles. 

The  results  are  shown  in  Figures  34  and  35  for  the  test  pipe  size  (l.OO-O.D. 
x .051  wall)  and  indicates  the  effect  of  material  type  and  leg  length  on  frequency. 
The  numbered  modes  have  been  detailed  in  Table  1.  It  is  seen  that  for  a titanium 
pipe  of  equal  leg  lengths  of  23  inches,  there  are  no  inplane  vibrations  of 
significance  within  the  pump  operating  regime. 

For  the  out-of-plane  vibrations,  the  analytical  development  is  shown  in 
Appendix  C and  the  computer  program  incorporated  in  Appendix  B.  Computer  runs 
were  performed  for  two  different  pipe  sizes  and  the  results  are  Shown  in  Figure  36. 
Variation  of  leg  lengths  and  type  of  material  are  not  as  important  as  the  pipe 
length  between  supports.  Thus,  undesirable  out— of-plane  vibrations  are 
encountered  in  the  operating  regime  if  the  distance  between  supports  are 
in  the  vic.ir.ity  of  20  ivches  or  less. 

d • Two-Elbow  Pipe  Vlbra tions 

The  inplane  and  out-of-plane  vibration  analysis  were  developed  using  similar 
techniques  as  the  one-elbow  inplane  analysis.  The  derivation  of  the  equations  of 
motion  for  the  crcsspipe  (middle  leg)  translational  and  torsional  modes  are 
shown  in  Appendix  C. 
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Fluid:  Red  oil  at  130°r,  3000  psi 
90°  bend  angle 

Pipe  Size:  1 .00  O.D.  x 0.051  watt 
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FIGURE  35.  ONE-ELBOW  PIPE  INPLANE  VIBRATIONS 
COUPLED  AXIAL-SENDING  FREQUENCY 
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FIGURE  36  ONE-ELBOW  FIFE  OUT-OF-PLANE  VIBRATIONS 
Fluid:  Red  Oil  at  13Q°F  3QOQ  psi 
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5.  MODEL  VERIFICATION 

a.  Teat.  Data  Summary 

Pictorial  representations  of  the  relationship  between  resonances  and  pump 
speed,  for  the  data  previously  reported,  are  summarized  in  Figures  37  through  39 
for  the  straight  pipe,  one-elbow  pipe,  and  two-elbow  pipe,  respectively.  There 
are  two  basic  sets  of  data  in  each  figure.  The  first  set  are  the  horizontal 
lines  which  indicate  the  natural  frequencies  measured  on  the  test  set-up.  The 
second  set  is  the  radial  arrangement  of  straight  lines,  with  a common  po^nt  at 
the  origin  of  the  rectangular  coordinate  system,  which  depicts  the  relationship 
between  the  exciting  frequency  and  the  pump  speed.  These  radial  lines  have  slopes 
equal  to  the  harmonics  of  the  pump,  which  is  the  number  of  oscillations  per  revolution. 
The  Intersections  of  these  radial  lines  (hydraulic  exciting  frequencies)  with 
the  horizontal  lines  (natural  mechanical  frequencies)  indicate  conditions  of 
resonance. 

Although  tests  indicated  three  hydraulic  resonances  at  pump  speeds  of 
1600  rpm,  2900  rpm,  and  4300  rpm,  none  excited  a fundamental  mechanical  resonance. 

At  1600  rpm  no  significant  mechanical  responses  were  measured  in  any  of  the  three 
test  configurations.  The  other  two  pump  speeds  produced  the  larger  responses  in 
terms  of  measured  accelerations. 

(1)  Straight  Pipe 

The  test  data  summary  is  shown  in  Figure  37.  At  2900  rpm,  the  pipe  is 
responding  similarly  to  the  third  mode  of  a beam  with  built-in  ends.  The  measured 
frequency  at  this  mode  was  435  Hz.  This  is  close  to  the  computed  value  of  409.3  Hz. 

At  4350  rpm,  a longitudinal  excitation  was  measured  at  653  Hz.  This  value 
is  almost  half  the  calculated  frequency  of  1370  Hz  indicating  possible  interaction 
with  pipe  overhang  just  outside  the  supporting  brackets  or  the  brackets  themselves 
when  a clamp  is  used. 

(2)  One-Elbow  Pipe 

The  hydraulic  resonances  at  2900  rpm  and  4300  rpm  resulted  in  predominantly 
inplane  motions.  As  seen  in  Figure  38,  the  peak  accelerations  were  measured  at 
the  first  harmonic  of  the  pump  speed,  with  315-G  for  the  unclamped  case  reduced 
to  286-G  for  the  clamped  version,  on  the  accelerometer  located  after  the  elbow, 
away  from  the  pump.  Higher  order  mechanical  responses  ware  measured  at  1030-1035 
Hz  which  excited  both  inplane  and  out-of-plane  motions.  The  calculated  out-of-plane 
fundamental  frequency  is  43.8  Hz  which  is  so  low  with  respect  to  the  pump  operating 
regime  that  it  precludes  any  coupling  with  mechanical  or  hydraulic  resonances 
for  the  system  tested. 


(3)  Two-Elbow  Pipe 

Similarly,  the  measured  data  la  sv,  arized  In  Figure  39.  The  two 

resonances  shown,  with  Insets  providing  visual  representation  of  the  node  shapes,  were 
.jilted  by  the  first  harmonic  of  the  pump  speeds  at  2900  rpm  (out-of-plane)  and 
<>600  rpm  (in-plane).  The  latter  pump  speed  is  slightly  higher  than  the  hydraulic 
xasonance  -assurcid  at  4300  rpm. 

b.  Comparison  of  Analytical  and  Test  Results 

The  straight  pipe  vibration  modes  and  frequencies  are  predictable,  while 
the  one-elbow  pipe  out-of-plane  fundamental  frequency  was  calculated  to  be  far 
below  the  pump  operating  regime  and  consequently  of  little  relevance.  The  one- 
elbow  pipe  inplane  vibrations  indicate  that  for  the  test  configuration, the  cclculated 
axial  and  coupled  axial-bending  frequencies  are  within  the  expected  accuracy  limits 
of  the  analysis  but  lower  than  the  measured  value.  In  the  determination  of  the  axial 
frequency,  the  entire  fluid  weight  was  considered  to  be  contr ibutii  g to  the  total 
component  weight.  The  contribution  of  fluid  weight  to  the  overall  solution  has  not 
been  studied  as  extensively  as  mechanical  systems.  The  results  of  a brief  study 
into  the  variation  of  fluid  weight  on  the  axial  frequency  is  shown  in  Figute  40. 
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FIGURE  40.  0NE-ELE0W  PIPE  INPLANE  VIBRATIONS 
EFFECT  OF  FLUID  ON  AXIAL  FREQUENCY 
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A 332  effective  fluid  weight  results  in  an  accurate  prediction  of  the  ixial 
fiequency.  Pipe  sizes  with  ratios  of  flow  area  to  cross-section  a.  * wh  (eh 
are  very  close  to  each  other  results  ir.  similar  „,:ial  frequencies  It  if 

interesting  to  note  f'at  Reference  8 suggests  tha.  in  a spriug-mas-  „ysiur  tr-i 
determiiiat ion  of  frequencies  should  take  into  account  one- third  of  soring 
weight.  The  test  results  and  analysis  are  summarized  as  follows: 


Table  2 - One-Elbow  Pipe  Data  Correlation 


Pump 

Speed 

(rpm; 

Frequency 

Measured 

(Hz ) 

Calculated 

Mode  Identification 

1720 

851 

Axial  (100%  flith..,' 

2 300  ' 

1030-1035 

1035 

Axial  (332!  fluid) 

3440 

2900 

870 

360 

Second  bending 

4350 

653 

605' 

Second  axial -pending 

The  two-elbow  pipe  computer  output  data  were  extracted  for  comparison  with 
the  measured  data  and  the  results  are  summarized  as  follows: 

Table  3 - Two -El  bow  P ijte  Data  Correlation 

1 Frequency  (Hz)  Mode  Identification 

i lleasnred Calculated  ______ 

•♦35  431  Coupled  axial-bending 

.'90  634  Axial 
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SECTION  III 


F-15  PISTON  PUMP  MODEL  VERIFICATION 

Further  testing  and  computer  program  model  development  work  was  accomplished 
on  the  instrumented  F-15  hydraulic  pump  (S/N  038) . The  HYTRAN  pump  computer 
model  was  enhanced. 

The  Instrumented  pump  used  in  the  original  AFAPL  three  year  contract 
was  refurbished  by  Abex.  The  wiped  port  plate  and  cylinder  barrel  were 
replaced,  a case  drain  pressure  tap  was  Installed,  and  new  O'rings  were 
Installed. 

Steady  state  tests  were  rur.  to  recheck  the  case  pressure/flow  and  the 
heat  rejection  characteristics. 

The  HYTPAN  pump  model  calculation  of  case  pressure  was  to  be  verified 
with  the  case  pressure  transducer,  and  tests  were  repeated  for  low  and  high  flow 
demands  at  several  test  conditions  identical  to  those  for  the  original  pump 
model  verification. 

In  addition  tests  were  repeated  at  4400  psi  pump  outlet  pressure  to 
verify  the  F-15  pump  transient  model  at  the  higher  pressure.  Frequency  response 
data  was  also  taken  to  determine  pressure  pulsations  at  the  4400  psi  test 
pressure  with  the  pump  valve  plate  still  timed  for  3000  psi  outlet  pressure. 

1.  FREQUENCY  RESPONSE  TESTS 

The  refurbished  F-15  instrumented  pump  was  used  for  the  extended  frequency 
response  testing.  Outlet  circuit  pressure  pulsations  at  4400  psi  were  mapped 
in  the  same  line  locations  as  In  the  original  3000  psi  frequency  response  verification 
tests.  Total  pressure  pulsations  and  fundamental  frequency  pulsations  were 
measured  at  each  location  during  the  pump  speed  sv/eeps. 


| 


\ 

} , < 

\ 

| 35 

i 

} 


a.  Test  Circuit  Description  and  Computer  Model 

A load  valve  was  added  to  the  transient  test  stand  and  test  runs 
were  made  on  the  system  configuration  shown  in  Figure  41  with  MIL-H-5606B 
hydraulic  fluid.  Figure  42  shows  the  9 ft.  frequency  response  test  section 
which  terminates  at  the  load  valve.  The  figure  details  the  locations  of  the 
measured  data  points  used  for  the  frequency  mapping.  A roving  clamp-on  transducer 
was  used  to  collect  data  at  the  indicated  points  between  locations  P3  and  P2, 
which  were  permanent  transducer  locations.  For  each  test  point  a plot  of  the 
fundamental  frequency  and  a oscilloscope  trace  of  the  total  peak  to  peak 
pressure  pulsations  were  made  as  the  pump  swept  from  1000  to  4300  rpm.  The 
steady  state  flow  rate  of  12.9gpm  was  somewhat  higher  than  desired,  but  it 
was  necessary  to  keep  the  pump  operating  in  a stable  mode.  HSFR  input  data  for  the  high 
pressure  verification  circuit  is  shown  in  Table  4. 


STEADY  STATE  ELDS 
CONTROL  VALVE 


FIGURE  41.  HYDRAULIC  PUMP  VERIFICATION  TEST  SETUP 
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FIGURE  42.  9 FT.  FREQUENCY  RESPONSE  TEST  SECTION 


b.  Test  Results  and  Comparison  to  HSFR  Program  Predictions 

The  test  data  was  manually  overplotted  on  a reduced  computer  output 
plot.  Manual  plotting  and  reproduction  distortion  will  introduce  some  error 
in  the  correlation  process. 

Oscilloscope  traces  of  the  peak  to  peak  pressure  pulsations  indicated  resonant 
frequencies  at  1500,  2650  and  4000  rpm.  These  frequencies  of  course  were  identical  to 
those  seen  at  the  3000  psi  operating  pressures.  The  highest  pulsation  recorded  was 
located  at  83.41  inches  from  the  pump  outlet.  At  approximately  4000  RPM  they 
were  1300  psi  peak  to  peak  as  indicated  in  Figure  43. 

The  fundamental  peak  pressure  pulsation  measured  in  the  lab  is  presented 
in  Figure  44.  At  4000  rpm  there  is  a 300  psi  peak  to  peak  pulsation.  This 
indicates  that  the  remainder  of  the  pulsation  energy  is  fcund  at  the  higher 
harmonics. 

The  HSFR  computer  generated  pressures  at  the  mapping  locations  are  presented 
in  Figures  45  through  54.  The  test  data  has  been  overplotted  on  the  computer 
output  for  comparison.  The  plots  show  excellent  frequency  correlation  of  0-3Z  (0  to 
75  rpm)  for  the  second  and  third  resonant  speeds  of  2650  and  4000  rpm. 
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FIGURE  43.  PEAK  TO  PEAK  PRESSURE  PULSATIONS  83.41  INCHES 
FROM  PUMP  OUTLET 
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FIGURE  44.  48"  FROM  P3:  FUNDAMENTAL  113’P  12.9GFM 
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FIGURE  45.  FREQUENCY  RESPONSE  EXTSISDED  F-15  FUHF  VERIFICATION  TEST 
KH-H-56CSB  44C3FSX  130®F  12.9  GPM 
18.03  INCHES  FROU  PUMP  OUTLET 
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FIGURE  46.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-5606B  4400  PSI  112*F  12.9  G?M 
35.41  INCHES  FROM  PUMP  OUTLET 
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FIGURE  47.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-5606B  4400  PSI  U3*F  12.9  GPM 
47.41  INCHES  FROM  PUMP  OUTLET 
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FIGURE  48.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-5606B  4400  PSI  113#F  12.9  GPM 
59.41  INCHES  FROM  PUMP  OUTLET 
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FIGURE  49 


FREQUENCY  RSSPS^SS  ETONE®  F-15  PUMP  VERIFICATION  TEST 
Mil,  -H-5605B  4406  PSI  US"?  3 2,9  GPM 
71.41  INCHES  FROM  FCRP  CUTLET 
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FIGURE  50.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-5606B  4400  PSI  113°F  12.9  GPM 
83.41  INCHES  FROM  PUMP  OUTLET 


FIGURE  51.  FREQUENCY  RESPONSE  EXTSKfJED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-56G6S  4400  PSI  113°F  12. S GPM 
95.41  INCHES  FROM  PUMP  OUTLET 
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FIGURE  52.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-3606B  4400  PSI  113eF  12.9  GPM 
107.41  INCHES  FROM  PUMP  OUTLET 
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FIGURE  53.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-56Q&8  4400  PSI  113*F  12.9  GPM 
119.41  INCHES  FROM  PUMP  OUTLET 


FIGURE  54.  FREQUENCY  RESPONSE  EXTENDED  F-15  PUMP  VERIFICATION  TEST 
MIL-H-5606B  4400  PSI  113 °F  12.9  GPM 
124.41  INCHES  FROM  PUMP  OUTLET 

Instrumentation  error  and  temperature  drift  during  testing  could  account  for  errors 
of  this  magnitude.  However,  HSFR  predicts  a first  resonant  speed  that  is  about 
200  rpm  too  low  (1330  vs  1500  rpm) . The  predicted  resonant  point  is  below  the 
compensator  valve's  natural  frequency  of  1500  rpm.  The  predicted  point  does 
not  appear  because  it  is  washed  out  by  the  compensator  valve  whose  dynamic 
behavloi  is  not  modeled. 

Figures  55  and  56  compare  the  computed  and  measured  standing  pressure  waves 
at  2650  rpm  and  4000  rpm.  The  period  of  the  wave  shows  excellent  correlation 
between  computed,  and  measured  results,  but  the  measured  amplitudes  are  much 
lower  than  the  HSFR  program  predicts.  At  4000  rpm,  the  predicted  amplitude  is 
off  by  a factor  of  about  2.5  while  the  2650  rpm  values  disagree  by  a factor  of 
about  3.7. 

Data  is  not  available  from  the  3000  psi  testing  at  the  12.9  gpm  flow 
rate  for  direct  comparison  to  the  data  taken  at  4400  psi.  dowever,  as  expected 
pulsations  were  higher  with  the  4400  psi  outlet  pressure  because  the  pump  valve 
plate  remained  timed  for  a 3000  psi  outlet  pressure. 


44 


2.  TRANSIENT  TEST  DESCRIPTION 

Transient  testing  of  the  F-15  instrumented  pump(with  MIL-H-5606B 
hydraulic  fluid  investigated  load  level,  speed,  temperature  and  case 
pressure  effects  at  3000  psi  and  4400  psi  pump  outlet  pressures.  A 
schematic  of  the  test  stand  is  presented  in  Figure  57.  Thirteen  data 
parameters  listed  in  Table  5 were  recorded  during  the  testing.  The 
analog  signals  from  the  transducers  were  digitized  by  waveform  recorders 
and  transferred  to  cassette  tapes  through  the  Wang  programmable  calculator. 

A summary  of  the  3000  psi  pump  outlet  pressure  transient  test  runs 
appear  in  Table  6.  When  checking  out  the  reworked  F-15  pump  it  was  found 
that  turn-off  transients  took  longer  to  stabilize  at  the  same  test 
conditions  established  during  the  previous  pump  testing.  It  was  noticed 
that  the  pump  actuator  pressure  during  a turn-off  transient  peaked  between 
3000  and  3500  psi,  and  that  the  hanger  hit  its  stop  about  three  times 
before  stabilizing  out.  Before  the  instrumented  pump  was  sent  back  to 
Abex,  the  actuator  pressure  would  peak  at  approximately  2400  psi.  The 
compensator  setting  was  readjusted  to  see  if  this  would  decrease  the 
actuator  pressure.  This  had  very  little  effect.  The  compensator  spool 
valve  was  removed  and  inspected  but  nothing  was  found  that  could  cause 
the  unexplained  increased  in  actuator  pressure.  The  turn-on  transients 
generated  similar  data  as  the  previous  tests,  although  the  pump  case  drain 
pressures  were  now  higher. 


FIGURE  57.  HYTRAN  PUMP  MODEL  VERIFICATION 
TEST  SETUP 
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TABLE  5 


TRANSIENT  TESTING  DATA  RUN  PARAMETERS 


K 

pi 

Pi 

n 

rs 

n 

H 

XT 

XH 

XC 

S*T 

Pf 

QJ 
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• Cm  Drain  hiMur*:  lor  mai 
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> Suction  Praaaura 
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Praaaura  37*  IncHaa  fro.  Puap  DutJ#t 

Tranaiant  Centro!  Vaiva  Poaition 

P«P  Banter  Poaition 

Pna*  Coupanaator  Spool  Poaitioo 

Driaa  Torque 
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When  the  instrumented  pump  was  shipped  to  Abex  for  refurbishment,  they 
found  that  the  port  plate  was  wiped.  A wiped  port  plate  provides  a modified 
leakage  path  to  inlet  from  case.  The  increased  leakage  flow  to  inlet  results 
in  lower  case  pressures  (58  psig  typical).  With  the  modified  pump  tl  is 
leakage  path  was  eliminated  and  consequently  the  case  pressures  were  higher 
(80  psig  typical).  With  higher  case  pressures jthe  ability  for  the  actuator 
to  dump  fluid  while  destroking  on  a turn-off  transient  is  lessened.  Thus  it 
might  take  slightly  longer  for  the  pump  ro  dsstroke,  and  the  increased  oscillations 
may  be  due  to  this  coupled  with  higher  case  pressures  causing  the  compensator 
to  take  longer  to  reach  a steady  state  (force  balance)  condition. 

The  pump  compensator  was  adjusted  to  give  a 4400  psig  pump  outlet 
pressure.  Some  of  the  transient  tests  were  repeated  at  the  higher  pressure  and 
they  are  summarized  in  Table  7.  Although  the  pump  was  capable  of  attaining 

higher  outlet  pressures,  it  was  necessary  to  limit  the  pressure  to  4400  psi 
to  avoid  excessive  outlet  transients  due  to  the  limited  compensator  stroke, 
and  the  necessity  to  measure  this  movement  at  the  higher  pressures. 


TABLE  7 

F~1  5 Pitt fP 

TRANSIENT  TESTS 

AT  4400 

PSIG  OUTLET  PRESSURE 

RL'N  SIIMBK-: 
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HTLADV  STATE 
* l.'*W  I.KVPl  (t  i 
INI  1 1 At. 

rivAf 

HM.tff  1 F.ltf'i  * t’} 

OR!  VI  SPEED 
(«'“() 

APPROX  CASE 

DRAIN  rRESSllREOSIC) 

RESERVOIR 

PRKSVDFF 

LOAD  LtVH 

tFFtriS 

- 1 
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During  the  testing  it  was  found  that  the  pump  compensator  was  very 
unstable  at  steady  state  flows  less  than  17.25  CIS  and  fluid  temperatures 
■uch  greater  than  100*F.  The  transient  test  also  had  to  be  run  at  3000  RPM 
instead  of  4000  to  stabilise  the  compensator . Figure  58  shows  the 
pressure  upstream  of  the  transient  control  valve  for  a turn-on  transient 
from  2 - 19.25  CIS  at  130°F.  The  transient  control  valve  was  not  activated 
until  0.02  seconds  into  the  test  run.  Between  0.0  and  0.02  seconds  the 
pressure  varies  400  psl  due  to  the  compensator  instability.  Increasing 
the  steady  state  flow  helped  to  alleviate  the  problem. 

3.  PROGRAM  CHANGES  AND  KYTRAN  PUMP  MODEL  VERIFICATION 

The  objective  of  the  extended  testing  was  further  verification  of 
the  HYTRAN  F-15  pump  model.  The  HYTRAN  program  schematic  of  the  test 
system  is  shown  in  Figure  59.  The  recorded  inlet  pressure  and  external 
case  drain  pressure  were  chosen  as  the  boundary  conditions  for  the  simulation. 
The  suction  pressure  transducer  was  located  55.75  inches  from  the  pump  inlet, 
and  the  case  transducer  was  18.0  Inches  from  the  case  drain  port. 

A HYTRAN  component  model  (TEST91)  was  written  to  input  the  test  data  as 
boundary  conditions  in  the  simulation.  The  subroutine  TEST91  uses  the  input 
pressure  data  to  compute  the  flow  at  time  t in  the  simulation  using  the 
equation: 

Q - C - P(t) 

Z 

where 

C » line  characteristic  (PSI) 

Z - line  impedance  (PSI/CIS) 

P(t)  » P data  pressure  value  at  time  t (PSI) 

The  input  test  data  was  filtered  to  eliminate  excessive  noise  and 
reduce  computation  error  in  the  simulation.  This  was  accomplished  by 
using  a 100  Hz  filter  on  the  pressure  signals  when  they  were  played  bach  from 
the  analog  tape  into  the  waveform  analyzer.  Use  of  the  filtered  test  data 
also  reduced  the  same  error  that  might  be  introduced  by  imperfections  in  other 
component  models.  The  remainder  of  the  system  in  Figure  59  is  the  HYTRAN 
model  of  the  actual  test  set-up  from  the  pump  outlet  to  the  load  valve.  Component 
Type  23  is  the  transient  control  valve  and  the  two  Type  41's  are  restrictors 
used  to  control  the  maximum  and  bypass  steady  state  flow  rates.  The  dimensions 
were  taken  from  the.  test  stand.  Table  8 presents  the  typical  HYTRAN  input 
data  used  to  describe  the  test  schematic  in  Figure  59. 
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TABLE  8.  BASIC  HYTRAN  INPUT  3000  PSI  HYDRAULIC  SYSTEM 
2-77  CIS  TURN-ON  TRANSIENT 
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a.  P-15  Pump  Model  Changes 

During  the  original  AFAPL  contract, extensive  testing  was  done  on  the  F-15 
instrumented  pump.'  The  HYTRAN  model  adequately  predicted  the  Initial 
transients  and  general  operating  characteristics  of  the  actual  Instrumented 
pump.  However  the  transient  decay  was  not  accurately  computed.  The  follow-on 
contract  work  Las  emphasized  improving  the  damping  of  the  pump  model.  Not 
adequately  defining  the  damping  characteristics  of  the  actuator,  hanger 
and  compensator  are  some  of  the  areas  that  would  cause  this  problem. 

The  original  HYTRAN  pump  model  computed  the  actuator  leakage  coefficient 
as  a linear  relationship  between  the  leakage  coefficient  at  maximum 
pump  displacement  and  act-tator  position  plus  the  leakage  coefficient 
at  zero  pump  displacement . This  flow  along  with  case  pressure  plays 
a significant  part  in  determining  the  damping  characteristics  of  the 
hanger.  The  computation  for  actuator  leakage  was  updated  using  an 
equation  for  fully  developed  laminar  steady  flow  between  stationary 
flat  places.  (Eqn  l) 
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Q - wbl  AP 

l2yL  AP  (1) 

where 

2 

J*  ■ fluid  viscosity  (lb-sec/in  ) 

Q * flov  rate  (cis) 

AP  “ pressure  drop  (psi) 

b » passage  height  (in) 

w - passage  width  (in) 

L ■ passage  length  (in) 

The  user  inputs  the  depth  of  the  flat  cut  on  the  actuator  and  the 
minimum  actuator  engagement  which  occurs  when  the  pump  is  at  minimum  outlet 
flow.  The  new  computation  method  has  slightly  improved  the  pump  model. 

The  effects  of  adding  a velocity  term  due  to  the  motion  of  the  actuator 
were  small  for  the  pressure  drops  (1000  psi)  and  actuator  rates  (50-60in/sec 
max)  of  the  pump,  so  it  was  not  included  in  the  computation. 

Another  area  of  investigation  was  the  flow  forces  on  the  compensator  valve. 
The  original  HYTRAN  model  contained  a simple  computation  describing  these  forces. 
Efforts  to  improve  the  computation  did  not  prove  fruitful.  Removal  of 
the  flow  force  term  did  adversely  alter  the  simulation,  thus  it  was  not 
changed. 

A paramet  . study  was  performed  on  the  F-15  pump  model  to  determine 
the  sensitivity  of  the  input  data  in  the  computer  simulation.  Four  input 
data  parameters  were  investigated  for  turn-off  and  turn-on  transients 
at  a pump  speed  of  4000  rpm,  3000  psi  pump  outlet  pressure,  steady  state 
flows  of  77  CIS  and  2 CIS,  130°F  system  operating  temperature  and  a control 
valve  operating  time  of  4 milliseconds.  The  parameters  investigated  were 
hanger  damping,  actuator  displacement,  coefficient  of  pump  leakage  and 
case  volume. 

The  hanger  damping  term  had  the  most  significant  effect  on  the  damping 
frequency  of  the  pump  model.  The  hanger  damping  verm  accounts  for  velocity 
dependent  friction  factors  which  include  the  effects  on  the  changes  In 
precompressicn  and  decompression  when  the  hanger  is  in  motion. 
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Initial  attempts  to  alter  this  term  did  not  prove  successful  because 
of  the  limited  knowledge  about  the  case  pressures  which  affected  the  dynamics 
of  the  hanger.  With  the  addition  of  the  internal  case  drain  tranatucer, 
it  was  possible  to  significantly  vary  the  damping  term  and  monitor  the 
computed  case  pressure,  the  hanger  position,  actuator,  outlet  and  inlet 
pressures  to  assure  that  these  values  were  not  deviating  from  the  measured 
values.  The  term  was  varied  until  a value  was  reached  that  would  give  good 
correlation  betv  en  the  computed  results  and  the  measured  test  data.  Figure 

60  shows  the  pump  outlet  pressure  for  a turn-off  transient  at  77  CIS  and 
130*F  with  the  hanger  damping  term  at  25  lbs/in/sec.  Although  the  initial 
peak  pressure  correlation  is  good  the  subsequent  decay  of  the  computed 
waveform  is  at  a higher  frequency.  This  was  the  beat  correlation  obtained 
under  the  original  contract.  The  value  of  hanger  damping  was  varied  and  Figure 

61  presents  the  computed  results  at  45  and  125  lbs/in/sec.  The  125  value  significantly 
slowed  down  the  simulation  and  the  45  value  appears  to  be  the  optimum.  Increasing 

the  hanger  damping  In  an  attempt  to  obtain  good  period  correlation  for  the 
turn-r^f  transient  leads  to  sn  undesirable  increase  in  the  amplitudes  of  the 
commuted  data.  This  amplitude  behavior  necessitates  stopping  short  of  the 
ve'.ue  that  might  give  the  best  period  correlation. 


FIGURE  61.  HANGER  DAMPING  TERM  AT  45  AND  125 

77-2  CIS  TURN-OFF  TRANSIENT  130°F  4000  RPM 

A value  of  45.0  lbs/in/sec  yielded  the  best  correlation  for  the  simulated 
conditions.  The  pump  outlet  pressure  from  a turn-on  transient  run  at  77  CIS 
and  130°F  is  shown  in  Figure  62.  The  hanger  damping  term  was  45  lbs /in/sec 
for  this  run.  In  general  the  turn-off  simulation  required  a slightly 
larger  hanger  damping  term  than  the  turn-on  case. 

The  pump  model  was  then  run  at  38.5  CIS.  A value  of  70  lbs /in/sec 

was  used  to  obtain  the  correlation  shown  for  the  pump  outlet  pressure  in  the 
turn-on  transient  of  Figure  63.  However  the  same  value  for  hanger  damping  did 
not  significantly  improve  the  computer  simulation  of  the  38  CIS  turn-off 
transient  shown  In  Figure  64. 

Time  has  not  allowed  investigation  to  determine  an  algorithm  for  the 
hanger  damping  term  for  all  the  cases  recorded  in  the  laboratory.  It  is  desirable 
to  develop  a method  that  could  be  incorporated  into  HYTRAN  to  choose  the  best 
term  based  on  system  conditions.  Further  work  in  this  area  is  needed. 


FIGURE  64.  OUTLET  PRESSURE  38.5-2  CIS  TURN-OFF  TRANSIENT 
130°F  4000  RPM 


The  coefficient  of  pump  leakage  was  varied  for  various  turn-on  and  turn-off 
transient  runs.  This  term  had  very  little  effect  on  the  simulations  and  appears 
to  be  a good  candidate  for  removal. 

Varying  the  actuator  displacement  had  an  adverse  effect  on  both  turn-on 
and  turn-off  transient  simulations.  The  present  maximum  and  minimum  value 
are  optimum. 

3 3 

The  case  volume  was  changed  from  250  in  to  48  in  (which  Is  the  correct 
value)  with  only  a minor  change  in  pump  outlet  pressure  amplitudes. 

Appendix  D presents  the  revisions  to  the  pump  input  data  and  the  PUMP51 
subroutine  listing. 
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b.  Pump  Model  Verification  for  3000  psl  Transient  Tests 

Using  Che  inpuc  data  in  Table  8 for  the  system  shown  in  Figure  59,  a 
turn-off  transient  at  77  CIS  and  130°F  was  run^  Figure  65  shows  the  input 
data  boundary  conditions  for  this  simulation.  The  results  of  the  simulation  are 
presented  in  Figures  86  through  69.  The  computed  pump  outlet  pressure  in  Figure  66 
compares  veil  with  the  test  data  both  in  magnitude  and  phase.  The  computed 
results  are  conservative  after  the  initial  transient  response  at  approximately 
50  milliseconds  into  the  simulation.  The  computed  peak  actuator  pressure  in 
Figure  67 is  3300  psl  while  the  measured  value  is  city  3000  psi,  ’.about  a 10 
percent  error),  but  the  subsequent  response  is  ve;:j  good.  The  computed  Internal 
case  pressure  matches  the  test  data  exceedingly  wej.i  The  case  pressure  trans- 
ducer was  located  in  the  area  of  the  compensator  valve.  There  is  a 1/8"  dla 
hole  x 1 3/4"  long  path  between  the  transducer  and  the  '.ctual  case.  Statically, 
the  effect  of  the  long  orifice  is  to  reduce  the  pres'>u  e.  Dynamic  effects 
could  result  in  peak  pressure  attenuation  and  misphasi  between  the  two  internal 
case  prssures,  however,  this  does  not  appear  to  be  the  *ase.  The  hanger  position 
is  plotted  in  Figure  69.  The  measured  data  cuts  off  at  -.18  inches  but  the 
computed  value  reaches  -.24  inches.  There  is  a similar  discrepancy  for  the 
overshoot  at  80  milliseconds  in  the  simulation.  The  phasing  between  the  measured 
and  computed  position  is  adequate.  The  amplitude  corn ’a* ion  is  relatively 
poor,  although  the  transient  flow  does  settle  to  the  proper  steady  state  value. 

The  computer  printout  data  is  the  actuator  position.  The  hanger  acts 
as  a lever  arm  between  the  actuator  and  the  restoring  spring  where  the  measurement 
of  hanger  position  was  taken.  The  computer  actuator  velocity  terra  is  integrated 
to  obtain  the  resultant  displacement.  A simplified  Euler  integration  is  used. 
Perhaps  a more  sophisticated  technique  would  work  better,  but  at  the  expense 
or  increased  computation  time  and  operating  costs.  Improving  these  results  may 
prove  to  be  unattractive. 

The  next  computer  simulation  was  for  a turn-on  transient  run  using  the 
same  conditions  as  the  previous  run  with  the  input  boundary  conditions  of 
Figure  70.  The  computed  pump  outlet  pressure  in  Figure  71  almost  matches 
the  data  trace.  The  computed  actuator  pressure  (Figure  72  ) and  internal  case 
pressure  (Figure  73  ) also  follow  the  measured  data.  The  computed  hanger 
position  in  Figure74  is  about  0.12  inches  below  the  measure  data.  The  final 
predicted  value  however  is  very  close  to  the  test  results. 
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FIGURE  66.  OUTLET  PRESSURE  77-2  CIS  TURN-OFF  TRANSIENT 
130*F  4000  RPM 


FIGURE  67.  CONTROL  PRESSURE  77-2  CIS  TURN-OFF  TRANSIENT 
130“F  4000  RPM 
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FIGURE  71.  OUTLET  PRESSURE  2-77  CIS  TURN-ON  TRANSIENT 
130°F  400C  RPM 


i 'CURE  72.  CONTROL  PRESSURE  2-77  CIS  TURN-ON  TRANSIENT 
130*?  4000  RPM 
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FIGURE  73.  INTERNAL  CASE  PRESSURE  2-77  CIS  TURN-ON  TRANSIENT 
130°F  4000  RPM 


FIGURE  74.  HANGER  POSITION  2-77  CIS  TURN-ON  TRANSIENT 
130° P 4000  RPM 
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Turn-on  and  turn-off  simulation  were  made  at  a steady  state  flow  of  38.5  CIS 
The  Input  data  file  for  the  turn-on  transient  Is  shown  In  Table  9 and  the 
boundary  conditions  In  Figure  75.  This  computer  output  data  for  outlet  pressure 
actuator  pressure, case  drain  pressure  and  hanger  position  are  shown  In  Figure  76 
through  79. 

This  boundary  conditions  for  the  turn-off  transient  at  38.5  CIS  and  130°F 
is  shown  in  Figure  80.  The  output  data  is  presented  in  Figures  81,  82, 

83,  and  84. 

The  general  computed  vs  measured  data  correlation  is  better  for  the  turn-on 
transients.  Both  amplitude  and  period  characteristics  of  the  data  fit  much 
better  than  for  the  turn-off  case.  This  is  also  true  for  the  77.0  CIS  runs. 


TABLE  9.  HYTKAN  INPUT  DATA  3000  PSI  SYSTEM  2-38.5  CIS  TURN-ON 
TRANSIENT 
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FIGURE  76.  OUTLET  PRESSURE  2-38.5  CIS  TURN-ON  TRANSIENT 
130®F  4000  RPM 


FIGURE  77.  CONTROL  PRESSURE  2-38.  j CIS  TURN-ON  TRANSIENT 
130*F  4000  RPK 
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FIGURE  83.  INTERNA1,  CASE  PRESSURE  38.5-2CIS  TURN-OFF  TRANSIENT 
130'F  4000  P.PM 
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FIGURE  34.  HANGER  POSITION  38.3-2  CIS  TURN-OFF  TRANSIENT 
' ■ 130*F  4000  RPH 
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Pimp  Model  Verification  for  4400  pal  Transient  Tests 


A HYTRAN  simulation  vas  made  of  a turn-on  transient  from  17.25  CI5  to 
77.9  CIS  at  99*F  and  4400  psi  pump  outlet  pressure.  The  input  data  is  presented 
in  Table  10  and  the  boundary  conditions  are  shown  in  Figure  85.  The  orifice 
and  valve  opening  were  computed  to  obtain  the  correct  starting  and  ending  flows. 
The  output  graphs  of  pump  outlet  flow,  actuator  pressure,  internal  case  pressure 
and  hanger  position  were  overplotted  with  test  data  as  shown  in  Figures  86, 

87,  88  and  89.  The  correlation  of  computed  outlet  pressure  and  actuator  pressure 
to  test  data  is  good  at  the  higher  pump  operating  pressure.  The  computed 
case  pressure  show  a little  instability  but  follow  the  general  wave  shape  of 
the  test  data.  The  computed  hanger  position  lags  the  measured  data  but  it  looks 
quite  good . 

The  input  boundary  conditions  for  the  turn-off  transient  at  the  same  test 
conditions  is  in  Figure  90.  The  results  of  the  KYTRAN  simulation  are  shown  in 
Figures  91  through  94.  The  initial  pump  outlet  pressure  prediction  is  good 
but  the  computed  actuator  pressures  are  high. 

As  with  the  3000  psi  data  the  correlation  is  better  both  in  amplitude  and 
period  for  the  tum-on  transient  case.  The  turn-off  transient  generally  requires' 
a larger  hanger  damping  term  than  the  turn-on  case.  But  a value  of  60  lbs/in/sec 
vas  used  in  both  simulations. 

TABLE  10.  HYTRAN  INPUT  DATA  4400  PSI  SYSTEM 
TURN-ON  TRANSIENT  RUN 
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FIGURE  91.  OUTLET  PRESSURE  HIGH  PRESSURE  SYSTEM 
77-17.25  CIS  TURN-OFF  TRANSIENT 
4400  PSI  100°F 
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FIGURE  92.  CONTROL  PRESSURE  77.-17.25  CIS  TURN-OFF  TRANSTEir 
100”F  3000  RPM 
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d.  F-15  Pup p Model  Verification  Using  The  Complete  Test  Stand  Model 

The  entire  F-15  Instrumented  pump  test  stand  was  modeled  with  the  HYTRAN 
program.  The  HYTRAN  block  diagram  of  the  test  system  is  shown  in  Figure  95 
The  elements  which  make  up  the  system  are  into  lines  and  components. 

The  lines  are  numbered  sequentially  and  have  upstream  and  downstream  ends. 

The  components  are  also  numbered  in  a separate  sequence.  Node  numbers 
are  assigned  to  the  points  at  which  the  flow  divides  or  combines  under  steady  state 
flow  conditions  and  leg  numbers  are  labeled  between  two  nodes.  The  simulation 
consisted  of  running  the  HYTRAN  program  under  the  same  lab  test  conditions.  The 
first  simulation  was  of  a turn-on  transient  at  130®F  and  from  2-77  CIS  steady 
state  flows.  The  reservoir  test  data  in  Figure  96  was  input  as  a boundary 
condition.  The  results  of  the  computer  simulation  are  shown  overplotted  with 
the  test  data  in  Figures  97,  98,  99  and  100.  The  plots  of  outlet  pressure, 
actuator  pressure  and  hanger  position  correlate  well  with  the  test  data. 

The  computed  internal  case  pressure  in  Figure  99  however  does  not  match 
the  measured  results.  The  calculated  pressure  values  are  about  60  psi  higher 
than  the  data,  and  the  phasing  between  the  two  is  incorrect.  With  the  external 
case  pressure  as  a boundary  condition  this  misphasing  did  not  occur. 

The  next  simulation  was  for  a turn-off  transient  at  130°F  and  77.0  CIS. 

The  input  reservoir  pressure  is  shown  in  Figure  101.  The  computed  outlet  pressure 
in  Figure  102  is  able  to  predict  the  maximum  amplitude  of  the  first  pressure  spike 
but  this  model  undershoots  on  the  subsequent  response  between  0.050  and  0.090  seconds 
in  the  simulation.  This  undershoot  also  misphases  the  measured  and  computed  results. 
This  undershoot  characteristic  did  exist  for  the  turn-off  run  with  the  inputted 
case  drain  and  suction  pressures  as  boundary  conditions,  but  it  was  not  as  prevalent. 
Further  work  in  the  area  of  amplitude  damping  should  correct  the  modeling  discrepancy. 
The  actuator  pressure  end  hanger  positions  are  overplotted  with  test  data  in  Figures 
103  and  104.  The  internal  ease  pressure  plot  in  Figure  105  shows  adequate  phase 
correlation  but  the  amplitude  predictions  are  off. 

The  next  attempt  at  total  system  simulation  was  not  to  use  input  data  as  boundary 
conditions.  This  was  done  to  test  the  basic  accuracy  of  the  HYTRAN  program  without  any 
external  forcing  factors.  v 
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FIGURE  97. 


OUTLET  PRESSURE  2-77  CIS  TURN-ON  TRANSIENT 
I30®F  4000  RPM 


FTCtTRE  98.  CONTROL  mSS?i$:R  2-77  CIS  TORN-ON  TRANSIENT 
nO'JF  4000  RPM 
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FIGURE  101.  F- 15  HYDRAULIC  PUMP  94-A4-PR  TURN-OFF  TRANSIENT 
;/  CIS  130“ F 


FIGURE  102.  OUTLET  PRESSURE  77-2  CIS  TURN-OFF  TRANSIENT 
130* F 4000  KPN 
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FIGURE  105.  INTERNAL  CASE  PRESSURE  77-2  CIS  TURN-OFF  TRANSIENT 
130°F  4000  RPM 


The  turn-on  transient  was  made  with  the  test  conditions  of  run  number  94-0t-,-XX. 

For  the  turn-on  transient  simc  latiori,  the  load  valve  was  sized  to  drop  3000  psi 
at  154.0  CIS.  The  reservoir  pressure  was  80  psia.  A listing  of  the  HYTRAN 
input  data  for  the  turn-on  simulation  at  130^  is  shown  in  Table  11,  Figures  106 
and  107  show  computed  pressures  at  two  locations  along  the  pump  outlet  line. 
Corresponding  test  data  has  been  overplotted  for  comparison.  The  initial  and  final 
steady  state  pressure  levels  are  correct  for  the  simulation. 

For  a turn-on  transient  the  pump  des' cokes  to  supply  the  demanded  flow.  In 
the  VO’TkAN  simulation  the  pump  model  is  able  to  adequately  do  this.  The  subsequent 
response  to  the  operating  steady  state  pressure  however  is  slightly  faster  than 
the  measured  data  as  shown  in  Figures  106  and  107  3t  80  milliseconds  into  the 
simulation.  A lag  could  be  programmed  Into  the  compensator  circuit  to  delay  the 
build-up  in  pressure  but  the  benefits  of  such  a fix  may  not  be  applicable  for  all 
the  test  cases.  Computed  actuator  pressure  (Figure  108)  shows  good  correlation  when 
compared  to  the  test  data.  The.  computed  pressures  in  the  case  drain  circuit 
in  Figures  109  and  110  ral 1 to  reach  the  actual  peak  pressures.  Similar) !y  the  in! 
pressure  plot  in  Figure  111  shows  a peak  prediction  about  50  psi  higher  than  the 
measured  data. 
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TABLE  11.  HYTRAN  INPUT  DATA  154.  CIS  TURN-ON  TRANSIENT 
130®P  3000  PI  LINE  DATA 
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TABLE  11.  (CONTINUED)  HYTRAN  INPUT  DATA  TURN-ON  TRANSIENT 

COMPONENT  DATA 
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TABLE  11.  (CONTINUED) 


HYTRAN  INPUT  DATA  TURN-ON  TRANSIENT 
STEADY  STATE  INPUT  DATA 
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FIGURE  106.  OUTLET  PRESSURE  2-154  CIS  TURN-ON  TRANSIENT 
130°F  4000  RPM 
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FIGURE  107.  PRESSURE  378  ’ NnilFS  FROM  HOfF  orm.ET  2-J54  €1  - 
WRN-ON  TRANS 7 W 13P*F  4000  R ! M 
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FIGURE  103,  CONTROL  PRESSURE  2-154  CIS  TURN-ON  TRANSIENT 
130”F  4000  RPH 


FIGURE  3 09-  EXTERNAL  CASE  PRESSURE  2-154  CIS  VW*-Otf  TRANSIENT 
130*  F 4000  RcH 
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A turn-off  transient  vith  an  initial  pump  outlet  flow  of  154  CIS  was  simulated, 
the  pump  outlet  pressure  measured  at  the  P3  transducer  location  in  Figure  95  is  shown 
overplotted  on  the  computer  results  in  Figure  112.Ttie  transient  valve  on  the  simulation 
closed  about  4 milliseconds  too  late,  but  the  predicted  peak  pressure  after  turn-off 
Is  close  to  the  measured  *-alue.  The  resultant  phasing  between  the  measured  and  computed 
data  is  incorrect-  Several  changes  were  made  to  the  HYTRAN  input  data  to  try  and  correct 
the  simulation.  Altering  the  hanger  damping  term  did  not  significantly  improve  the 
results.  The  test  data  in  Figure  112  indicates  that  the  pump  response  was  damped.  The 
pressure/flow  energy  was  either  absorbed  by  the  pump  to  stroke  the  hanger  to  a low  flow 
condition  or  the  system  had  some  unknown  operating  characteristics. 

The  transient  valve  used  in  the  test  was  pressure  opened  and  spring  closed.  Looking 
at  the  trace  of  valve  position  versus  time  it  appeared  that  the  poppet  did  boixee  on 
closure.  An  attempt  was  made  to  try  and  simulate  the  poppet  bounce.  The  HYTRAN 
results  are  shown  in  Figures  113,  114,  115  and  116.  The  comnuted  pump  outlet  pressure  in 
Figure  113  shows  excellent  correlation  foe  the  first  60  milliseconds  of  the  simulation. 
Again  the  predicted  pump  undershoot  does  not  correspond  to  the  data.  The  transient 
valve  does  appear  to  cause  the  discrepancy.  Unfortunately,  on  the  transient  valve, 
only  the  closed  or  open  positions  provide  an  accurate  reading  for  the  poppet 
location.  The  instrumentation  was  net  able  to  measure  intermediate  poppet 
locations.  However,  the  guessed  poppet  bounce  characteristic  did  improve 
the  simulation.  The  undershoot  characteristics  may  be  attributable  to  the  pump 
model. 
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KIGWk-2  112.  oyctiSi  PRESSURE  154-2  CIS  TURN-OFF  TRANSIENT 
130*?  4000  PPM 
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FIGURE  113.  OUTLET  PRESSURE  154-2  CIS  TURN-OFF  TRANSIENT 
130°F  4000  RPM 
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FIGURE  114.  PRESSURE  378  INCHES  FROM  PUMP  OUTLET  154-2  } 

CIS  TURM-OF?  TRANSIENT  ' *"  I 

130”?  4000  RPM  ! 
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FIGURE  115 


SUCTION  PRESSURE  154-2  CIS  TURN-OV 
130°F  4000  RPM 


TRANSIENT 


i 


j 


FIGURE  116.  COKTROI.  PRESSURE  154-2  CIS  TURN-CPF  TRANSIENT 
1 30"F  4000  RPM 
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* *-15  INSTRUMENTED  PUMP  STEAD?  STATE  TESTING 

„ “riy  "ith  „«  „d.  of  „rlve 

. ' *’**'•  c“t™1  P— v..  drive  ep.ed,  „d  „« 

r«ru  pressure  (iet.reei  «,  e,t«„si)  vs.  ee.e  dr.i,  n».  Th,  ,te,dy 

; i“*  ~ u~  * «• 
on  the  transient  test  bench  (Figure  41.), 

The  drive  ror,.«  vs.  dr-ve  speed  pier.  i,  PIgur„  11;  thr„  JJ0  ^ ^ 

."T  the  pu.p  fever  lee,  (bee,  retries).  rh, 

calculated  as 

Power  <pSI*CIS) 

IDEAL  ' CPoutlet  ■ Plnlet)  * Qoutlet 

The  torque  is 


Torque  (in-lbs) 


PoWerlDEAL  lPsi  * CIS) 
RPM  *~Tn?60 


TABLE  12 


F-15  INSTRUMENTED  PUMP  STEADY  STATE  TESTING  - 3000  PS l 
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The  power  loss  Is  the  difference  between  the  ideal  and  measured  values. 

The  results  are  plotted  In  Figure  121.  The  heat  rejection  characteristics 
were  similar  to  the  original  pump  data.  (3.8  HP  § 45G0rpm  ,200*F  ,0  0 CIS 
outlet  flow) 

Figures  122,  123  and  124  show  plots  of  pump  actuator  pressure  versus 
drive  RPM.  The  pressure  spike  at  1620  RPM  in  all  three  plots  corresponds 
to  a mechanical  resonant  condition  of  the  compensator  spool. 

Plots  of  case  drain  pressure  vs  case  flow  were  made  for  the  conditions 
in  Table  12.  Some  of  the  steady  state  plots  are  shown  in  Figures  125  thru  130. 

The  steady  state  pump  tests  still  show  an  instability  in  the  case 
drain  pressure  vs  flow  graphs  at  the  low  pump  outlet  flows.  The  instability 
occurs  transiently  as  the  flow  control  value  in  the  case  drain  line  is  adjusted. 

Any  looping  effect  results  from  the  inability  of  the  plotting,  device  to  adequately 
respond  to  the  pressure  signal.  The  origin  of  this  anomaly  in  the  pump  is  not  known 

The  3C00  psi  steady  state  tests  indicate  a slight  increase  in  the  case  drain 
flow  from  the  previous  testing.  The  increase  may  be  attributable  to  the  lack  of  a 
leakage  path  provided  by  the  "wiped"  port  plate  on  the  original  pump. 


FIGURE  121.  TOWER  I. OSS  FOR  RUNS  1-4 
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FIGURE  130.  F-15  HYDRAULIC  PUMP  RUN  7721  PCD  INT.  AND  PCP 

EXT.  .VS.  OOP  7.7  CIS  200°F 

The  steady  state  test  series  w is  repeated  with  the  pump  compensator  set 
at  4435  psig.  A listing  of  the  tes  funs  is  shown  in  Table  13.  Plots  of  drive 
torque  vs.  drive  speed  are  shewn  in  igures  131  , 1.32,  133  and  134.  They  show  the 
Instability  of  the  pump  through  most  of  the  sweep  range.  The  piot  of  actuator 
pressure  vs  drive  speed  in  Figure  1 35  shows  that  the  compensator  is  fairlv 
stable  when  the  pump  outlet  flow  of  77.0  Cl !».  Instabilities  occur  at  1 <100 , 

2350,  2700,  and  3750  RPM.  At  a lower  flow  setting  in  Figure  136  '..he 
rattling  Is  prevalent  throughout  the  sweep  range. 
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F-  15  INSTRUMENTED  PUMP  STEADY  STATE  TESTING  - 44  00  PS  I 
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FIGURE  133.  F-15  HYDRAULIC  PUKP  RUN  #3  DT  VS.  DS 

0.0  CIS  16A-212°F 


FIGURE  ] '-‘U , F~15  HYDRAULIC  PUKP  RUN  #A  PT  VS.  DS 
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FI«an*E  135.  P-15  HVD1AULIC  PUMP  RUM  #5  PC  VS  DS 

77  CIS  I00o-97*F 
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FIGURE  136.  P-15  HYDRAITT.TC  PUMP  RUM  #6  PC  VS  OS 

0.0  CIS  96"-126*f 
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Plots  of  esse  drain  pressure  versus  case  flow  are  shown  in  Figures 
137  thru  140  for  the  high  compensator  setting*  As  the  case  flow  Is  changed 


the  pressure  instability  still  exists. 
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FIGURE  137.  F-15  HYDRAULIC  PUMP  RW  #7  PCD  VS  QCD 
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FIGURE  138.  P-15  HYDRAULIC  PUMP  RUN  #8  PCD  INT.  AND  PCD 

EXT.  VS  QCD  77  CIS  102’F 
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SECTION  IV 


VANE  PUMP  MODEL  DEVELOPMENT  AND  VERIFICATION 

Models  of  a variable  volume  vane  pump  were  developed  for  Che  frequency 
(HSFR)  and  transient  (HYTRAN)  computer  programs.  The  main  fuel  pump  on  the  F-100 
turbojet  engine  consists  of  a variable  volume  vane  stage  and  a centrifugal  boost 
stage.  The  pump  was  designed  by  Chandler  Evans  Inc.,  Controls  Systems  Division 
(CECO).  A specially  instrumented  vane  stage  unit  was  supplied  by  CECO  for 
computer  model  test  verification.  The  boost  stage  was  replaced  with  a plate 
which  contained  inlet  and  lubrication  supply  ports.  The  pump  was  tested 
with  (MIL-H-5606B)  hydraulic  oil  in  order  to  make  use  of  the  existing 
verification  test  and  test  data  processing  facility  at  MCAIR.  MIL-H-5606B 
is  slightly  more  dense  and  viscous  than  the  normal  pump  fluid  media,  JP-4 
engine  fuel. 

1 . VANE  PUMP  HSFR  MODEL  DEVELOPMENT  AND  VERIFICATION 

a.  HSFR  Model 

A frequency  domain  model  of  the  vane  pump  was  developed  for  use  with 
the  HSFR  program.  The  model  is  similar  to  the  existing  piston  pump 
model  contained  in  References  2 and  3 HSFR  program  user 
and  technical  description  manuals.  User  and  technical  description 
manual  material  for  the  vane  pump  model  are  contained  in  Appendix  E. 

b.  HSFR  Verification  Test  Set-Up  and  Procedure 

Figure  141  is  a schematic  of  the  test  set-up  used  for  measurement  of 
vane  pump  pressure  pulsations.  The  test  circuit  plumbing  size  and 
length  simulated  the  actual  installation  on  the  F-100  engine  for  the 
pump  to  metering  valve  flow  ar.i  sensing  lines.  The  throttle  operated 
main  fuel  metering  valve  is  a?t  integral  part  of  the  engine  unified 
controller  unit.  A ball  valve  was  used  to  simulate  the  metering  function. 

The  pump  control  varies  outlet  flow  to  maintain  a 60  psi  drop  across 
the  metering  valve.  Downstv cam  valves  were  used  to  create  circuit 
back  pressures  (300-900  ps'.g)  similar  to  that  of  tbe  actual  system. 

Reservoir  (F-4  hydraulic)  bootstrap  pressure  was  independently  controllable 
so  that  pump  suction  pressure  could  be  varied.  The  vane  stage  pump  inlet 
pressure  was  r aint&ined  at  the  maximum  reservoir  capability  (55-64  psig) 
during  all  tests  except  for  runs  made  at  35-42  psig.  Vane  stage  inlet 
pressure  from  the  boont  stage  is  normally  about  120  psig. 
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HSFR  Tost  Schematic 


The  vane  pump  was  driven  by  a direct  drive  200  hp  AC  electric  motor 
with  variable  frequency  speed  control  up  to  7000  rpm.  A 5/1  speed  increaser 
loaned  to  MCAIR  by  CECO  provided  the  proper  drive  interface  to  the  vane  pump 
whose  rated  speed  ic  15,000  rpm. 

Pump  pulsations  were  mapped  in  the  outlet  and  upstream  control  lines 
with  a roving  Xistler  transducer.  Pump  outlet  maximum  flcv  rates  were  set 
at  8,  20,  and  30  gpm  to  vary  the  internal  timing  of  the  pump  outlet  flow 
porting.  Pressure  pulsation  amplitudes  were  recorded  for  total  and  harmonic 
responses  as  the  pump  speed  was  swept  from  5000  to  15000  rpm.  The  pump 
remained  on  full  stroke  until  a speed  was  achieved  where  pump  capacity  exceeded 
the  metering  valve  flow  setting.  Two  levels  of  air  content  (22  and  172) 
were  tested  to  check  the  effect  of  dissolved  air  on  pump  outlet  pulsations. 

c . Test  Run  Summary 

Table  14  presents  a summary  of  test  runs  and  test  conditions  /or  the 
vane  pump  frequency  tests.  Pump  inlet  oil  temperatures  were  from  115“ 
to  135°F  during  all  tests. 

d.  Test  Results  ahd  Discussion 

Typical  test  results  are  presented  herein.  Test  data  for  all  runs  are 
on  file  at  MCAIR.  Figure  142  compares  total  pressures  at  the  pump  outlet 
port  (PI)  for  maximum  outlet  flows  of  8,  20,  and  30  gpm.  Pulsations  in- 
crease in  amplitude  with  decreasing  flow.  This  is  as  expected  since  the  pump 
is  apparently  timed  for  mininuim  pulsations  at  higher  flow  rates.  This  accounts 
for  the  characteristic  of  increasing  pulsation  amplitudes  as  speed  increases 
at  a constant  outlet  flow  rate.  Total  pulsations  at  the  outlet  port  reach 
a maximum  of  210  psi  peak-peak  (p-p)  at  14,000-14,500  rpm.  Figures  143,  144 
and  145  show  harmonic  analysis  of  the  outlet  port  pressure  pulsations  (PI) 
at  8 gpm.  The  fundamental  pumping  frequency  (Figure  143  contains  mcst  of 
the  pulsation  energy,  i.e.  98  psi  peak  or  196  psi  p-p  at  14,000  rpm.  The 
fundamental  pumping  frequency  is  4000  hz  at  15000  rpm.  Second  and  third 
harmonic  pulsations  (Figures  144  and  145)  exhibit  very  low  amplitudes, 

<20  psi  p-p. 


TABLE  14.  TAJIK  PUMP  TEST  SUMMARY 


(97-1A-P1) 


(97-2A-Pp 


PRESSURE 
PULSATIONS 
IOO  psi/cm 

(Ron  97-3A-P1) 


20  rp*» 


MAX.  OUTLET  I LOW 
30  Rpm 


l FIGURE  142 . 

: TOTAL  PRESSURE  PULSATIONS  AT  PUMP  OUTLET  (PI) 

ft 

I 


/ 
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100 


DRIVE  SPEED  IN  RPM  X 1000 
FIGURE  145.  CECO  MFP-330  VANE  PUMP  97-lA-Pl  3RD  HARMONIC 


8 GPM  120°F 


Roving  transducer  data  ?or  total  pulsations  in  the  outlet  line  near  the 

f 

aeterir.g  valve  are  shown  In  Figures  146,  147  and  148.  Fundamental  responses  1 


at  these  positions  are  show  in  Figures  149  through  156.  These  also  show  the  general 
trend  of  increasing  pulsation  amplitudes  with  increasing  speed.  Standing 
waves  of  tne  fundamental  frequency  pulsations  for  three  system  resonant  pump 
speeds  (11.3Ct>,  13.500,  and  1.5,000  rpm)  are  shown  In  Figures  157,  158  and  159. 

These  ptanding  wavao  er.iat  in  the  main  line  between  tha  pump  and  metering 
vil <re,  and  are  tha  result  of  acoustic  energy  reflected  by  the  metering  valve. 


lO.OrtO  1 5,000 


KTf.l'RF  14'/.' 


OUTt.RT  UNF.  TOTAL  PftESSl'RF.  Pin  !,Ai 


100  psi/cm 


5,000  10,000  15,000 

FIGURE  148. 

OUTLET  LINE  TOTAL  PRESSURE  PULSATIONS  - 8 GPM 


macwwrna-d 


DISTANCE  - INCHES  FROM  PI  X'DDCER 
FIGURE  159.  15,000  RPM 

8 GPM  120®F 

Typical  total  pressure  pulsations  near  the  pump  In  the  upstream 
control  line  are  shown  in  Figure  160. for  both  fixed  (P2)  and  roving 
transducers  (S1.S2) . Standing  waves  in  the  sensing  line  for  the 
fundamental  pulsations  at  11,300  rpm  and  15,000  rpm  are  shown  in  Figures  161. 
and  162.  Total  pulsations  of  up  to  1000  psi  p-p  -«re  recorded  in  the 
upstream  sensing  line.  This  is  a small  (1/4  0D),  dead-ended  line  exposed 
to  a strong  acoustic  source  at  the  main  fuel  line.  Such  a line  exhibits 
a 1/4  wavelength  resonant  frequency.  Pulsating  flow  in  the  large  main  line 
(3/4  O.D.)  is  capable  of  generating  very  large  pressure  amplitudes  in  the 
small  sensing  line.  Continuous  oump  operation  at  a resonant  speed  could  cause 
adverse  effects  in  the  pump  with  such  high  pressure  pulsations  in  the 
sensing  line.  The  pulsation  frequency  is  probably  far  above  the  control  valve 
spring/aass  natural  frequency,  therefore  the  valve  does  not  respond  to  the 
high  amplitude  pulsations.  However,  early  fatigue  failure  could  result  to 
parts  exposed  to  the  pump  sensing  port  pressure  pulsations. 

Figure  163  shows  total  and  fundamental  case  inlet  pressure  pulsations 
for  an  8 gpv  flow  rate.  Total  case  pressure  pul sist. tons  reached  a war.isnu* 
of  130  psi  p-p.  Case  pulsations  are  the  result  of  vase  inlet  pert  timing  and 
the  test  set-up  inlet  system.  Case  pulsations  in  the  complete  pump  unit  are 
also  influenced  by  the  output  of  the  boost  3tage  low  flow  impeller. 
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FIGURE  163.  CEQO  MFP-330  VANE  PUMP  CASE  INLET  FUNDA1  'UTAL 
8 GPM  120°F  50  PSIG 


Figure  164  shows  outlet  (P1A)  and  upstream  control  port  (P2A)  pressure 
pulsations  for  a I7Z  dissolved  air  content  at  an  8 gpm  flow  rat*.  Inlet 
pressure  was  62  psig,  Outlet  pulsations  are  slightly  less  than  with  IX  air 
and  a 43  psig  inlet  pressure  (Figure  147).  Control  line  pulsations  are  slightly 
higher  than  with  2%  air  and  the  same  inlet  pressure  (Figure  160).  These 
limited  tests  suggest  that  the  vane  stage  is  not  unduly  sensitive  tc  normal 
levels  of  dissolved  air  in  the  pumping  fluid.  Normal  inlet  pressure  to  the  vane 
stage  is  boosted  to  about  120  psig.  which  makes  the  pump  even  less  sensitive 
to  air  content.  The  tests  were  run  at  inlet  pressures  of  63  psig  or  less. 
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An  HSFR  computer  simulation  was  made  using  the  test  conditions  of  run  number 
97-3A.  The  vane  pump  outlet  flow  was  jt)  gpm.  The  simulated  test  system  included  the 
components  shown  in  Figure  141  from  the  vane  pump  to  the  load  valve,  including  the 
high  and  low  pressure  sense  lines  terminating  in  the  pump.  A one  cubic  inch  volume 
was  assumed  at  these  end  points.  The  HSFR  input  data  defining  the  system  is  listed 
in  Table  15. 

Figure  165  shows  the  computed  fundamental  peak  pressure  at  the  pump  outlet  and 
the  measured  fundamental  response.  The  test  data  is  quiet  showing  no  major  resonant 
frequencies  through  the  rpm  sweep.  The  system  frequencies  are  close  together  because 
of  the  effects  of  long  lines  in  the  system.  The  load  valve  in  the  circuit  did  not 
provide  a stror®  reflection  point,  so  the  measured  data  probably  reflects  system 
line  resonant  responses  down  l;  the  reservoir.  The  HSFR  circuit  termination  was 
the  load  valve  and  the  lack  of  frequency  correlation  may  be  attributable  to  this. 

The  comparison  between  the  measured  and  computed  fundamental  responses  and  also  shown 
at  the  load  valve  in  Figure  166. 

The  control  lines  branching  to  the  vane  pump  servo  valve  had  well  defined 
boundary  conditions.  Figure  167  compares  the  measured  fundamental  - peak  and  total 
pressure  pulsations  with  the  HSFR  predicted  results  at  the  high  pressure  sense  line 
inlet.  The  program  was  able  to  predict  the  stong  resonance  points  at  7800  and  10,100, 
although  the  computed  higher  point  at  12,500  rpm  was  approximately  300  rpm  in  error 
from  the  data.  The  measured  and  predicted  response  for  the  low  pressure  sense  line 
at  the  pomp  is  shown  In  Figure  168.  The  program  computed  five  major  resonant  peaks 
compared  to  the  measured  four.  Amplitude  correlation  for  all  the  plots  is  poor. 

This  has  Been  the  general  pattern  for  the  HSFR  runs.  The  vane  pump  model 
operation  is  very  similar  to  the  piston  pump  model.  Therefore,  this  type  of 
characteristic  was  not  unexpected. 
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2.  VANE  POMP  HYTRAN  MODEL  DEVELOPMENT  AND  VERIFICATION 


a.  HYTRAN  Model 

A transient  model  of  the  vane  pump  was  developed  for  use  with  the  HYTRAN 
Program.  Specific  design  parameters  such  as  servovalve  flow  area  versus  stroke, 
the  relation  between  cam  location  and  maximum  pump  flow,  and  the  servo  piston 
loading  were  provided  by  CECO  and  used  in  ..he  HYTRAN  model.  User  and 
technical  description  manual  sections  for  the  transient  vane  pump  model  are 
contained  in  Appendix  E. 

b.  HYTRAN  Verification  Tests  and  Test  Set-up 

The  transient  testing  on  the  CECO  vane  pump  was  performed  on  the  system 
illustrated  in  Figure  169.  The  transient  test  set-up  is  a close  approximation 
of  the  fuel  system  Installed  on  the  F-100  engine.  Extra  lines  were  added 
upstream  and  downstream  of  the  flow  valve  to  provide  at  least  one  calculation 
Interval  for  the  HYTRAN  program  at  the  sampled  data  rate. 


Steady  State  and  Transient  Response  Tect  Set-Up  Schematic 
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Table  16  contains  a listing  of  the  system  and  pump  parameters  recorded 
during  the  transient  testing.  Figure  170  is  a schematic  showing  the  pump 
instrumentation  and  Figure  171  is  a schematic  cross  section  of  the  vane  stage 

pump.  A photograph  of  the  instrumented  pump,  speed  increaser,  and  drive  is 
shown  in  Figure  172. 


TABLE  16 

CECO  PUMP  MODEL  VERIFICATION  TESTS 
INSTRUMENTATION  REQUIREMENTS 

EXTERNAL  CONTROL  VALVE  PRESSURE  (P4) 

SYSTEM  RETURN  PRESSURE  (P5,  P7) 

SUCTION  PRESSURE  (P6) 

RETURN  FLOW  (Ql) 

TRANSIENT  CONTROL  VALVE  POSITION  (XCV) 

PUMP  OUTLET  PRESSURE  (PI) 

PUMP  INLET  PRESSURE  (P8) 

SERVOVALVE  CONTROL  PRESSURE  HIGH  SIDE  (P2) 

SERVOVALVE  CONTROL  PRESSURE  LOW  SIDE  (P3) 

SERVOVALVE  CONTROL  DIFFERENTIAL  PRESSURE  (P2-P3) 

INTERNAL  SERVO  PISTON  PRESSURE  (LARGE  AREA,  INCREASE  FLOW  SIDE)  (PCI) 

SERVO  PISTON  PRESSURE  (SMALL  AREA,  DECREASE  FLOW  SIDE)  (PC2) 
SERVOVALVE  POSITION  (XCV) 

BALANCE  PISTON  POSITION  TOF  (XBP1) 

BALANCE  PISTON  POSITION  BOTTOM  (XBP2) 

SERVO  PISTON  POSITION  (XP) 
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FIGURE  170.  CECO  MFP  INSTRUMENTATION  SCHEMATIC 
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FIGURE  171.  SCHEMATIC  OF  BALANCED  VARIABLE 
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The  transient  flow  control  valve  was  a ball  type  hand  valve  located 
next  to  the  P4  transducer  in  Figure  169.  To  obtain  the  desired  transient 
flow  changes  in  20  and  40  milliseconds,  the  valve  was  powered  by  a hydraulic 
actuator  attached  to  the  valve  lever  arm.  Figure  173  shows  the  control 
set-up  for  the  transient  flow  valve.  Flow  rates  at  valve  open  and  closed 
positions  were  regulated  by  adding  spacers  on  the  rod  end  of  the  actuator. 

The  actuator  was  driven  by  an  independent  power  supply.  The  accumulator  was 
charged  by  system  pressure  then  isolated  from  the  system  prior  to  the  transient. 
An  electrical  signal  to  the  servo  valve  provided  the  command  to  stroke  the 
actuator. 


0*7*  OCW»  J 

FIGURE  173 

CONTROL  SET  UP  FOR  METERING  VALVE 
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Transient  tests  in  the  lab  were  run  to  establish  load  level,  loading  rate,  speed, 

temperature  and  inlet  cavitation  effects  on  the  vane  pump.  Table  17  lists  the  tests 

that  were  made  with  the  vane  pump  test  set-up.  When  running  the  transient  test  steps 

were  taken  to  assure  that  the  pumps  internal  relief  valve  did  not  open.  Also 
since  the  pump  internal  porting  was  ti— for  high  flow  conditions,  the 
dwell  time  at  low  flow  was  minimized. 


TAKLE  17 
CECO  PUMP  MODEL 
TRANSIENT  VERIFICATION  TESTS 
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Res»>rvoi»* 
Pressure  (rS10) 

Run 

Number 

LOAD  LEVEL  EFFECTS 

97 -10*  XX 

35 

8 

.020 

.020 

15000 

120 

55 

97-H+XX 

20 

8 

.020 

.020 

15000 

120 

% 

97- 12* XX 

2. 

LOADI1*;  RATE  EFFECTS 

35 

8 

.0^0+ 

.QUO* 

15000 

120 

rA 

97-HtXX 

3. 

ST'EED  EFFECTS 

35 

8 

.020 

.020 

11500 

120 

55  . 

97-1  fe*XX 

35 

8 

.020 

.020 

13500 

120 

55 

97-1 5*XX 

k. 

TIWmTiJRE  EFFECTS 

35 

8 

.020 

.020 

15000 

210 

5U 

'.,7-1 6*  XX 

5. 

ISLET  C AVI TAT SOS 

35 

8 

.020 

.020  ■ 

15000 

120 

97-1 74XX 

35 

8 

.020 

.020 

15000 

1?0 

21 

97-lB+XX 

BOTES:  1.  ♦XX  denotes  turn-on  and  turn-off  transients 

?.  97-10+XX  aaate  as  run  97-11  exerpt.  with  "v-700  psl  bank  pres-urr* 
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c.  HYTRAN  Simulation  and  Discussion 

Teat  results  for  turn-on  and  turn-off  transient  runa  were  compared  to  the 
HYTRAN  vane  pump  model.  A computer  simulation  of  the  vane  pump  system 
was  made  with  the  HYTRAN  program.  The  HYTRAN  block  diagram  of  the  test 
system  Is  shown  In  Figure  174.  The  elements  which  make  up  the  system 
are  divided  into  components  and  lines.  The  lines  are  numbered  sequentially 
and  have  upstream  and  downstream  ends.  The  components  are  also  numbered 
in  a separate  sequence.  Mode  numbers  are  assigned  to  the  points  at 
which  the  flow  divides  or  combines  under  steady  state  flow  conditions 
and  leg  numbers  are  labeled  between  two  nodes.  The  simulation  consisted 
of  running  the  HYTRAN  program  under  lab  test  conditions.  Initially, 
measured  test  data  was  used  as  boundary  conditions  in  the  simulation. 

The  test  data  was  too  noisy  and  better  results  were  achieved  by  modeling 
the  entire  test  system.  A turn-on  transient  was  made  with  the  test 
conditions  similar  to  run  number  97-13+XX.  The  turn-off  transient  was 

made  with  test  conditions  similar  to  run  number  97-13-XX. 

During  the  turn-on  transient,  flow  through  the  metering  valve  was  set 

at  30  CIS.  Flow  rate  was  initialized  in  the  steady  state  portion  of  the 
program.  Flow  w*.s  then  increased  to  130  CIS  by  opening  the  flov  control 
valve  in  approximately  40  milliseconds.  The  HYTRAN  input  data  for  the  turn-on 
transient  is  listed  in  Table  18,  The  results  of  the  computer  simulation  are 
presented  in  Figures  175  through  185. 

The  computed  versus  measured  pump  outlet  pressure  is  plotted  in  -igure  175. 
Figures  176  and  177  show  the  comparison  of  the  control  pressures  on  the  high 
and  low  side  of  the  pumps  internal  servo  valve.  The  pressure  upstream  of  the 
transient  flow  valve  Is  plotted  In  Figure  178,  and  Figure  179  is  the  pressure 
34.0  inches  along  line  number  7.  The  computed  pressure  data  in  these  graphs 
Indicate  good  transient  correlation  with  the  measured  results.  It  appears 
that  the  final  computed  steady  state  pressure,  level  is  about  50  psi.  lower 
than  the  data  even  though  Figure  180  indicates  that  the  steady  state  flows 
are  correct. 
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TABLE  18  HYTRAN  INPUT  DATA  OF  VANE  FUMP  TRANSIENT  SIMULATION 
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TABLE  18  (CONTINUED) 
HYTRAN  INPUT  DATA 
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FIGURE  177.  CONTROL  PRESSURE  8-35  GPM  TURNtON  TRANSIENT 
120°F  15,000  RPM 


FIGURE  178.  CONTROL  VALVE  PRESSURE  8-35  GPM  TURN-ON  TRANSIENT 
120"?  15,000  RPM 
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FIGURE  179.  SYSTEM  RETURN  PRESSURE  8-35  GPM  TURN-CN  TRANSIENT 
120<’F  15.000  RPM 


’TGURE  180.  RETURN  FLOW  8-35  GPM  TORN-ON  TRANSIENT 
120° F 15,000  RPM 
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FIGURE  182.  SERVOVALVE  POSITION  8-35  GPM 


120'F 


15,000  RPM 


TURN-ON  TRANSIENT 
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FIGURE  183. 


SERVO  PISTON  POSITION  8-35  GPM  TURN-ON  TRANSIENT 
120*F  15,000  RPM 


FIGURE  184.  SERVO  PISTON  PRESSURE  '3-35  GPM  TURN-ON  TRANSTENT 
120"F  15,000  RVM 
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FIGURE  185.  SERVO  PISTON  PRESSURE  8-35  GPM  TURN-ON  TRANSIENT 
12C#F  15,000  RPM 


The  computed  aetering  head  pressure  differential  in  Figure  181  corresponds 
well  to  the  measured  d**-a.  The  data  noise  results  from  instrumentation  error 
in  subtracting  the  two  control  signals  (P2  and  P3) . The  servo  valve  dis- 
placement in  Figure  182  and  the  equator  position  in  Figure  183  correlate  very 
well  to  tea  data.  However,  the  slight  delay  in  moving  the  servo  valve 
back  to  the  null  position  results  in  the  computation  of  erroneous  actuator 
pressures  (Figures  184  and  185).  Actuator  friction  and  stiction  are  not 
taken  into  account  in  this  model.  Also  the  loading  on  the  actuators  tinder 
transient  operating  conditions  is  not  well  defined.  These  areas  of  the  model 
can  be  improved  with  more  thorough  test  data  than  the  set-up  in  the  hydraulics 
lab  was  to  obtain. 

Plots  of  the  turn-off  transient  simulation  at  the  same  test  conditions 
are  shown  in  Figures  186  through  198.  Again  the  slight  delay  in  the  computed 
servo  valve  position  in  Figure  195  causes  the  actuator  pressures  to  be  In- 
correct, although  there  is  better  correlation  than  for  the  turn-on  case.  The 
addition  of  an  accurate  pressure  dependent  load  curve  on  the  actuator  would 
probably  improve  this  simulation. 
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F’G'JRE  186.  OUTLET  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120* F 15,000  RPM 


: lGURE  187.  CONTROL  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120*r  15,000  RPM 
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FIGURE  188.  CONTROL  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120° F 15,000  RPM 
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FIGURE  189.  CONTROL  PRESSURE  35-8  GPH  TURN-OFF  TRANSIENT 
120*F  15,000  RPM 
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FIGURE  190.  SYSTEM  RETURN  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120°F  15,000  RPM 


FIGURE  191.  RETURN  FLOW  35-9  GPri  TURN-OFF  TRANSIENT 
120®F  15,000  RPM 


FIGURE  192.  SYSTEM  RETURN  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120°F  15,000  RPM 


FIGURE  193.  INLET  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120° F 15,000  RPM 
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FIGURE  196.  SERVO  PISTON  POSITION  35-8  GPM  TURN-OFF  TRANSIENT 
120°F  15,000  RPM 
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FIGURE  197.  Si'^'O  PISTON  EXTEND  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120s F 15,000  RPM 


FTGURE  198.  SERVO  PISTON  RETRACT  PRESSURE  35-8  GPM  TURN-OFF  TRANSIENT 
120°F  15.000  RPM 


The  tuin-on  transient  simulation  was  repeated.  The  initial  volumes 
of  the  actuator  were  decreased.  This  resulted  in  slightly  better  phase 
correlation  with  the  actuator  pressures  and  pump  outlet  flows  as  shown  in 
Figures  199,  200  and  201.  However,  the  computed  outlet  pressures  is  now 
leading  the  measured  values.  Knowing  the  accurate  volumes  of  the  retract 
and  extend  side  of  the  actuator  would  provide  the  correct  phasing  between 
the  model  results  and  the  data.  The  lack  of  a good  actuator  loading  function 
during  the  transient  probably  prohibited  the  correlation  of  the  actuator 
pressures. 


FIGURE  199.  RETURN  F1.0W  8-35  GPM  TURN-ON  TRANSIENT 
120^  15,000  RPM 
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FIGURE  200.  SERVO  PISTON  EXTEND  PRESSURE  8-35  GPM  TURN-ON  TRANSIENT 
120°F  15,000  RPM 


FIGURE  201.  SERVO  PISTON  RETRACT  PRESSURE  8-35  GPM  Tl/RN-UN  TRANSIENT 
120” F 15,000  RPM 
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3.  , STEADY  STATE  TESTS 

Steady  state  tests  were  performed  on  the  instrumented  vane  pump.  The 
runs  were  made  on  the  circuit  shown  in  Figure  202.  Test  conditions  involved 
flow  and  speed  sweeps  at  120*F  and  210°F.  Table  19  presents  a listing  of 
the  completed  steady  state  tests  The  pump  parameters  recorded  during 
the  steady  state  testing  were: 

Pump  outlet  pressure  (PI) 

Pump  outlet  flow  (Ql) 

Servo  piston  pressure  (large  area)  (PCI) 

Servo  piston  pressure  (small  area)  (PC2) 

Servo  valve  control  differential  pressure  (P2-P3) 

Servo  piston  position  (XP) 

Balance  piston  position  top  (XBP2) 

Balance  plstot.  position  bottom  (XBP1) 

Figure  203  shows  the  pump  outlet  pressure  for  a flow  sweep  at  15000  RPM. 

The  flow  was  varied  by  a hand  operated  metering  valve.  The  outlet  pressure 
is  directly  proportional  to  the  flow  and  the  curve  represents  the  pressure/flow 
characteristics  of  the  system.  The  piston  position  in  Figure  204  is  shown  moving 
to  the  fully  extended  posit  ion, which  corresponds  to  the  minimum  cam  displacement 
an maximum  pump  outlet  flow. 

Sweeping  the  pump  RPM  from  4000  to  15000  RPM  provided  the  vane  pump 
operating  characteristics.  The  metering  valve  was  set  to  regulate  the  flow 
at  35  gpm  . Figures  205  and  206  show  how  the  pump  outlet  pressure 
and  flow  gradually  attain  the  required  values.  In  Figure  207  the  control  pressure 
signal  is  increasing  until  it  reaches  the  required  60  psid  across  the  metering  valve. 
The  balance  piston  in  Figure  208  then  starts  moving  at  9200  RPM  as  the  cam  adjusts 
to  maintain  a constant  flow. 

The  servo  piston  position  in  Figure  209  shows  that  the  piston  is  at  a 
minimum  position  (corresponding  to  max  flow)  until  the  pump  goes  on  control. 

Then  the  piston  backs  off  the  maintain  the  desired  flow  rate.  A rough 
estimate  of  the  •'nternal  leakage  was  made  from  these  steady  state  plots. 

The  leakage  was  «.  umed  to  be  directly  proportional  to  the  vane  stage 
pressure  rise.  A simplified  formula  for  internal  leakage  was  used. 
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CECO  VANE  PUMP  STEADY  STATE  AND  TRANSIENT  TEST  SETUP 


i ABLE  19  CECO  VANE  PUMP  STEADY  STATE  TESTS 


SPEED 

FLOW 

FLUID  TEMPERATURE 

(RPM) 

(GPM) 

(°F> 

Sweep  (4000-15000) 

8 

120 

Sweep  (4000-1500) 

25 

120 

Sweep  (4000-15000) 

35 

120 

11500 

8-25 

120&210 

13  500 

8-30 

120&210 

15000 

8-36 

120 

160 


■***nmm. 


t": 


j 


FIGURE  209-  CECO  MFP-330  VANE  PUK  97-07-XP  STEADY  STATE  TEST 
35  GPM  120°F 
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QLEAK  - QMAX  - QOVBD 
where 

QMAX  - maximum  pump  flow  at  current  RPM 
QOVBD  » pump  outlet  flow 
from  Figure  205  at  15000  RPM 
QMAX  - 250  CIS 

QOVBD  - 34.2*3.85  - 131.67  CIS 


Therefore,  QLEAK  is  about  118  CIS.  The  vane  stage  pressure  rise  was  the 
difference  between  outlet  and  inlet  pressure  or  about  650  psid.  The  leakage 
coefficient  is  than  calculated  as 

.18  CIS/PSI 


— - 


118 

650 


for  15000  RPM.  Unfortunately  this  term  was  net  constant  for  throughout  the 
on-control  spee  1 range.  Also  a different  leakage  term  was  computed  for  the  non- 
controlled  port  lor  of  the  pump  speed  range.  Leakage  rates  also  varied  for 
different  flow  test  conditions.  No  reasortable  value  or  expression  for  the 
vane  internal  leakage  could  be  computed  'irons  the  test  data  that  was  available. 
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The  leakage  flow  calculation  is  dependent  on  the  balance  pistion  position  which 
gives  a direct  readout  of  the  caa  position.  The  cam  position  at  any  RPM 
was  converted  to  a maximum  flow  rate  through  a table  (supplied  by  CECO)  relating 
cam  position  to  maximum  pump  flow.  The  measured  steady  state  cam  position 
obviously  were  not  the  correct  values.  This  was  evident  from  the  way  the  balance 
piston  positions  were  calibrated.  The  zero  cam  position  was  set  when  the 
pump  was  off.  This  was  a static  calibration  which  was  subject  to  offset 
errors  once  the  pump  was  started.  The  balance  piston  positions  are  only 
capable  of  showing  relative  changes  in  cam  position  and  not  discrete  cam 
locations.  Leakage  coefficients  in  the  KVTRAIT  and  I ■Sl'.'l  pump  models 

were  assumed  from  data  supplied  by  CECO* 


SECTION  V 


HYDRAULIC  MOTOR  MODEL  DEVELOPMENT  AND  VERIFICATION 

A fixed  displacement  axial  piston  motor  manufactured  by  Aero  Hydraulics,  Inc. 
was  tested  In  the  Hydraulic  Performance  Analysis  Facility.  The  motor  has  a 0,62  CIR 
displacement  and  a rated  operating  speed  of  8100  rpm.  The  maximum  no-load  flow 
through  the  unit  at  rated  speed  is  18.5  gpm  with  415  psid  across  the  motor  ports. 

The  motor  used  in  the  testing  was  controlled  by  a servo  valve  which  together  with 
the  motor  dropped  about  2000  psid  at  the  maximum  no-load  flow  rate. 

The  objective  of  the  test  was  to  verify  steady  state,  frequency,  and  transient 
math  models  of  the  motor  unit.  Tests  were  made  with  MIL-H-5606B  hydraulic  fluid. 

The  test  unit  was  an  off-the-shelf  item  (Figure  210)  with  no  special  instrumentation 
requirements.  Threaded  ports  were  installed  in  lieu  of  the  quill  tubes  normally 
used  to  couple  the  motor  to  the  F-18  Leading  Edge  Flap  servovalve  package. 

Figure  211  is  a schematic  of  the  test  stand.  The  motor  was  powered  by  an 
F-15  pump  and  controlled  by  a servo  valve  unit.  Pump  noise  and  pressure  ripple 
were  isolated  from  the  test  unit  by  using  a commercial  Pulsco  Hydraulic  Acoustic 
Attenuator.  The  test  specimen  temperature  was  controlled  by  an  industrial  type 
heat  exchanger  in  the  return  line.  An  independent  pressure  source  was  used  to 
pressurize  the  F-4  reservoir.  The  test  section  consisted  of  the  motor  and  the 
lines  connecting  it  to  the  servo  valve  unit.  Time  and  budget  constraints  precluded 
the  inclusion  of  static  and  Inertial  loading  in  the  test  set-up.  Internal  motor 
inertia  proved  sufficient  to  verify  transient  effects,  as  expected,  however  the  lack 
of  a static  load  prevented  the  acquisition  of  meaningful  frequency  response  data. 
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1.  FREQUENCY  RESPONSE  MODEL  AND  VERIFICATION 


a . Motor  Model 

The  HSFR  piston  motor  model  uses  the  same  calculations  as  the  pump  model. 

The  input  data  requirements  are  also  similar.  The  motor  subroutine  is  programmed 
to  perform  both  an  inlet  (pressure  side)  and  outlet  (return  side)  analysis.  The 
motor  ignores  the  overboard  flow  supplied  by  the  load  valve  and  computes  its  own 
flow  during  the  AC  portion  of  the  program.  The  motor  does  not  require  an  input 
steady  state  flow  and  there  is  no  steady  state  balancing.  Appendix  F details 
the  required  input  data  for  the  HSFR  motor  model  nnd  gives  a technical  description 
of  the  subroutine. 

b.  Verification  Tests  and  Results 

The  inlet  and  outlet  lines  from  the  motor  to  the  servo  valve  were  to  be  mapped. 
Total  pressure  pulsations  and  fundamental  frequency  pulsations  were  to  be  plotted 
versus  a motor  speed  sweep  for  fixed  and  roving  pressure  transducer  locations. 

Motor  speed  was  controlled  by  moving  the  servo  valve  control  spool  which  varied 
the  inlet  flow  and  thus  the  motor's  rpm.  However,  no  reliable  data  could  be 
produced  from  this  arrangement.  With  no  load  on  the  motor,  shaft  rotation  was 
very  unstable  causing  the  plotter  to  oscillate  along  the  rpm  axis.  Without  a good 
rpm  signal  the  spectrum  analyzer  could  not  work  properly.  This  is  illustrated  in 
Figures  212  and  213  which  are  the  fundamental  and  second  harmonic  at  the  PI  pressure 
transducer  location  in  Figure  211.  No  distinct  fundamental  or  harmonics  can  be  found 
on  these  plots  with  the  motor  set-up.  Based  or.  this  information,  the  decision  was 
made  not  to  proceed  with  the  frequency  motor  tests.  The  test  stand  however  was 
modeled  with  the  HSFR  computer  program.  Table  20  presents  a listing  of  the 
HSFR  input  data.  The  results  of  the  simulation  are  shown  in  Figures  214  and  215. 

Figure  214  shows  the  peak  pressure  pulsations  at  the  inlet  port  plate  of  the 
motor  and  Figure  215  is  the  comparable  location  on  the  outlet.  Predicted  and 
measured  pressure  pulsations  on  either  side  of  the  motcr  were  very  lov,  less  than 
20  p3i  peak-peak.  The  computed  resonant  rpm’s  for  the  short  line  circuit  were 
26uO,  5200  and  7800  rpm.  No  direct  comparison  of  these  results  with  test  data 
could  be  made. 


TABLE  20.  HSFR  INPUT  DATA 


OMOTOII  1 Si  24  AIK*  01,  '71 
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* 

5t 

M 

HOWL  TEiiT 

CIRCUIT 

1 1 

120. 

1400. 

1000. 

10000. 

100. 

1. 

9. 

1 25 

.219 

.351 

.494 

.704 

.219 

20.0 

1.90 

17.7 

17.7 

140. 

200. 

0 

6. 

.500 

.035 

3.0407 

0 

4. 

.500 

.035 

3.0407 

0 

6. 

.500 

.015 

3.Ut07 

0 

4. 
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.035 

3.1' 40  7 
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4. 

.500 

.035 

3.  0407 

0 

4. 
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.035 

3.0407 

0 

4. 

.500 

.035 

J. 0407 

0 

4. 
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.035 

3.0407 

0 

4 , 

. 5QC 
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3.0407 

0 

4. 

.soo 
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3.0407 

0 

50.0 

7.7 

0 

i. 
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.035 

3.0407 

0 

4. 

.500 

.035 

3.  0407 

0 

4. 

.500 

.035 

3.0407 

0 

4. 

.50C 

.035 

3.0407 

0 

4. 

.oOO 

.*35 

3-0E07 

0 

4. 

.500 

.035 

3.0407 

0 

4. 

.500 

.035 

3.0407 

0 

4. 

.500 

.035 

3.0407 

0 

4. 

.500 

.035 

3.0407 

0 

6. 

.500 

.035 

3.0407 

0 

50.00 

7.7 

2 3 

4 

r, 

4 

7 

1 13  14 

1 

2 3 

4 

5 

4 

7 
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ii 
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14 
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FIGURE  215.  MOTOR  OUTLET  FUNDAMENTAL  PRESSURE 
2.  TRANSIENT  MODEL  AND  VERIFICATION 

a.  HYTRAN  Motor  Model  - A HiTRAN  motor  model  was  written  to  simulate  the 
operation  of  a constant  displacement  hydraulic  motor.  The  MTR56  subroutine 
accounts  for  case  drain  and  cross  port  leakages,  in  addition  to  the  motor  inertia, 
damping  and  breakout  torque.  Appendix  F presents  the  HYTRAN  user  and  technical 
sections  of  the  MTR5A  subroutine. 

b.  Verification  Tests  and  Results  - Test  conditions  were  established  to 
determine  factors  which  would  affect  motor  per* ormnnoe . The  testin',;  was  done 

on  a 1/2"  line  system  (Figure  211)  with  MI  I.--H--  DhDAfi  hvdraulir  fluid.  A phntograpu 
of  the  system  is  shown  in  Figure  216.  A sum*  a v of  the  transient  test  rurs 
are  shown  in  Table  21.  For  each  test  the  following  data  was  recorded. 

Motor  Port  Pressures  (PI  f,  P2) 

Motor  Case  Drain  Port  Pressure  (PI) 

Servo  Valve  Cl  °ot t Pressure  (PA) 

Servo  Valve  C?  Port  Pressure  (15) 

Servo  V i l.ve  Position  (XV)  1 

Upstream  Source  Pressure  (P6) 

Return  Pressure  (P7) 

Motor  PPM  (MS) 
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TABLE  21  HYDRAULIC  MOTOR  TRANSIENT  TEST  RUNS 


STEADY  STATE 

FLOW  (GPN) 

HIGH  LOW 

MOTOR  ROTATION 

MOTOR  1N1.ET 
TEMPERATURE 

<*f? 

RESERVOIR 

PRESSURE 

(PSIC) 

RUN 

imaer 

2 

0 

ccv 

119 

62 

W-01+ 

♦2 

-2 

ccv-cv 

120 

62 

98-03R 

5 

0 

cow 

123 

62 

98-04- 

5 

0 

ccv 

122 

62 

9R-044 

4-5 

-5 

ccv-cv 

122 

62 

98-04R 

10 

0 

CCV 

120 

i l 

98-05- 

10 

0 

ccv 

120 

o) 

98-OV* 

♦ 10 

>10 

ccv-cv 

120 

6’ 

98-05R 

15 

0 

ccv 

121 

59 

98-06- 

15 

0 

ccv 

122 

62 

98-06* 

♦15 

-15 

ccv-cv 

122 

62 

9S-06R 

18 

0 

ccv 

120 

62 

98-07- 

18 

0 

ccv 

121 

61 

98-07+ 

♦•16.6 

-16.6 

ccv-cv 

123 

63 

98-079 

Notes:  1.  ♦ Indicates  • turn-on  transient 

- Indicates  a turn-off  transient 
R Indicates  a motor  reversal 


The  hydraulic  motor  was  not  loaded  for  the  testing.  The  relief  valves  in 
the  motor  lines  were  set  for  a 4000  psig  cracking  pressure.  Hydraulic  pump 
speed  was  limited  to  2000  rpm  so  as  not  to  overspeed  the  motor  beyond  the 
design  flowrate  of  18  GPM.  During  the  testing  the  transient  pressures 
were  monitored  to  assure  that  they  did  not  exceed  the  cracking  pressure 
of  the  relief  valves. 

The  motor  speed  pick-up  was  an  AC  type  unit.  The  signal  was  converted  to  a DC 
level  to  facilitate  recording  and  playback.  The  conversion  process  introduced 
a lag  in  the  signal.  In  addition  because  of  the  high  frequency  of  the  signal 
(23  tooth  gear  yields  2300  HZ  at  6000  rpm)  the  electronics  would  roll  off  the 
peak  values  and  smooth  out  the  transient  signal.  Consequently,  the  measured 
motor  rpm  was  only  good  for  steady  state  values. 

The  turbine  flowmeter  (Ql)  had  tba  same  problems,  but  had  better  response 
character 1st ics  because  of  the  lower  operating  frequencies  (20  gpm  = 175  HZ). 
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After  completing  tne  transient  test  series,  the  relief  valves  were  rechecked 
for  the  proper  setting.  The  relief  valve  in  the  line  that  contains  the  PI  and  PA 
pressure  transducers  bad  a cracking  pressure  around  1500  psig.  The  relief  valve  in 
the  other  line  started  leaking  at  250  psig  but  did  not  fully  open  until  4300  psig.  This 
introduced  variables  in  the  test  runs  that  were  not  adequately  measured.  The  leakage 
flows  through  the  relief  valvas  were  not  recorded.  Also  pressure  histories  downstream 
of  the  relief  valves  are  not  available.  Without  known  boundary  conditions  a 
computer  simulation  of  a test  run  is  impractical.  No  meaningful  correlat  on  could 
be  accomplished.  I >wtver,  a computer  simulation  of  the  test  system  was  made  to 
determine  if  the  tu  1=1  was  operating  correctly. 


c • HYTRAN  SIhliLATION  AND  DISCUSSION 

A HYTRAN  schematic  of  the  motor  test  set-up  is  shown  in  Fignie  217.  A turn-off 
transient  at  38.5  CIS  flow  was  the  first  simulated  run.  The  onnputer  input 
data  is  presented  in  Table  22.  Figures  218,  219  and  220  show  .inlet  and 
outlet  port  pressures  and  the  motor  RPM  respectively.  In  Figure  219 
the  motor  outlet  pressure  falls  below  the  fluid  vapor  pressure  because 
there  is  no  cavitation  model  at  the  port.  The  initial  steady  state 
flow  was  62.2  CIS.  The  steady  flow  after  the  valve  closure  was  3.85  CIS. 
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figure  217.  HYDRAULIC  MOTOR  TEST  SCHEMATIC. 
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TABLE  22.  HYTRAN  INPUT  DATA  FOR  MOTOR 


••*•  NCTOI  NQUU  - Hit  IITF  TUIN-ON  TIMSIENT  ****|DHTyEIII 
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OfNSITT  - .0161*01 
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200 f *01  IT  120.0  OEC  f 
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I 

1 

i 

, 1/0,0000 

« A 300 

.0130 

300f *00 

10,0000 

20.A999 

30729. 6A31 

| 

2 

60.000C 

• A 100 

• 0330 

SOOE  >06 

10.000 

20.A999 

30729. CA33 

) 

i 

NO. 0000 

.A  300 

.0330 

1001 *08 

10.0000 

20.A999 

50729. 6 A 13 

I i 

i 

?0 . oooo 

• A 300 

.0330 

3001*06 

*0.0000 

20.AA99 

60000.0000 

! ! 

J 

12.7-»s>0 

.2100 

.0200 

iOOf  *06 

12.7300 

120.1706 

31017.3726 

t 

100.0000 

• A 300 

• 0130 
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20.A999 

30729.6*33 

COMP*. 

I INK  Of© 

OATA  1 

©1  » -1 
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FIGURE  218.  MOTOR  INLET  PRESSURE 
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FIGURE  219.  MOTOR  OUTLET  PRESSURE 
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FIGURE  220,  MOTOR  RPM 

3.  STEADY  STATE  TESTS 

Three  Steady  State  Tests  were  performed  on  the  motor  in  the  Hydraulics 
Lab.  The  first  test  was  to  start  with  equal  port  pressures  and  by  lowering 
one  of  the  pressures,  record  the  pressure  at  which  the  motor  drive  shaft  begins 
to  rotate  at  no  load  conditions.  ' Table  23  presents  the  data  for  this  test. 

TABLE  23.  HYDRAULIC  MOTOR  BREAKOUT  PRESSURE  TEST  RESULTS 

PRESSURE  (PSIG) 

INLET  OUTLET 

20 

60-65 
85-90 
110-1 15 
210-220 
325-350 
4 25- A 50 
550-525 
7 fr~  '*90 
890-920 
975-1025 
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100 

200 

250 

300 

500 

740 

930 

1210 

1610 

1340 

2010 
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As  the  inlet  pressures  increased  the  pressure  drop  at  which  the  shaft 
would  begin  to  rotate  also  increased.  The  internal  static  friction  coefficient 
for  the  motor  may  be  determined  by  plotting  the  pressure  differential  versus 
the  return  pressure  (Figure  221). 


Return  Pressure  • psi 
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FIGURE  221 

MOTOR  PRESSURE  DROP  vs  RETURN  PRESSURE 


Once  rotation  was  achieved  during  the  test  the  pressure  difference 
gradually  decreased  until  rotation  ceased.  Unfortunately  this  occurred  transiently 
and  the  pressure  difference  across  the  motor  when  the  shaft  stopped  rotating  could 
not  be  read  on  the  test  bench  gages.  This  value  would  have  helped  to  determine 
the  internal  friction  coefficient  which  the  motor  was  running.  Thus  it  was 
necessary  to  assume  a value  for  use  in  the  HYTRAN  program. 


I 

I 


i 

) 


i 


3 

} 

I 

i 

? 


1 

I 


I 


The  motor  leakage  characteristics  were  determined  by  locking  the  motor  shaft 
and  letting  the  return  and  case  drain  lines  be  vented  to  atmosphere.  Pressure 
was  then  apnlied  to  the  inlet  and  the  flows  in  the  return  and  case  lines  were 
measured.  Figure  222  is  a plot  of  the  pressure  drop  versus  flow  for  both  port 
to  port  and  port  to  case  leakage.  The  leakage  coefficients  used  in  the  HYTRAN 
motor  model  program  were  obtained  from  this  data. 


Flow  - gpm  x 10 
FIGURE  222 

HYDRAULIC  MOTOR  LEAKAGE  CHARACTERISTICS 


QFT8  WM  »« 


WW^WWRPippiipsiinp 


The  steady  state  pressure  drop  versus  flow  characteristics  for  the  motor 
were  recorded  on  the  transient  test  stand  (Figure  211)  by  slowly  cycling  the 
servo  valve.  Figure  223  shows  a plot  of  the  pressure  differential  across  this 
motor  versus  flow  for  a clockwise  motor  rotation.  The  steady  state  case  drain 
pressure  versus  system  flow  characteristics  is  shown  in  Figure  224. 

A plot  of  motor  speed  versus  motor  flow  is  shown  in  Figure  225.  This  plot 
and  Figure  223  were  used  to  generate  a graph  of  pressure  drop  across  the  motor 
versus  motor  speed  (Figure  226).  The  slope  of  the  resulting  curve  defines  a 
dimensionless  damping  coefficient.  The  curve  sweeps  upward  indicating  that  the 
pressure  depends  on  higher  powers  of  motor  speed  and  is  caused  by  the  flow 
resistance  of  the  motors  Internal  passages. 


FIGURE  223.  AERO  HYDRAULIC  MOTOR  98~02~(P1-P2)  STEADY  STATE  TEST 
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FIGURE  224.  AERO  HYDRAULIC  MOTOR  98-02-P3  STEADY  STATE  TEST 
CW  SHAFT  END  125'F 
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FIGURE  225.  AERO  KYDRAULTi,  MOTH?  38-02-MS  STEADY  STATE  TEST 
CW  SHAFT  END  125'F 
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SECTION  VI 

SUMMARY  AND  CONCLUSIONS 

1.  HYDRAULIC  LINE  KECHANi  ,'AL  RESPONSE  PROGRAM 
a.  Program  Objectives 

Deve'oproent  and  verification  of  a computer  program  for  predicting  line 
mechanical  response  due  to  predicted  pump  pulsations  wa3  achieved,  but  to 
a limited  degree.  The  cpmputer  program  (Appendix  3)  developed  was  based 
on  simplified  beam  analysis,  but  included  coupling  mode  effects.  Computer 
analysis  of  the  straight  pipe  produced  excellent  correlation  to  test  results. 
The  one  and  two  90°  he^d  configurations  provided  good  correlation  but  re- 
quired the  use  of  simplifying  assumptions. 

The  program  can  be  used  to  determine  the  mode  shape  ard  frequency  of 
fundamental  line  responses.  Higher  modes  of  line  response,  which  were  the 
predominant  responses  In  the  lines  tested,  are  predicted  accurately  for,  certain 
configurations.  However,  these  solutions  cruld  not  be  generalized,  there  ore 
a general  purpose  lire  response  computer  prograoi  was  not  achieved. 

The  present  program,  along  with  other  analytical  techniques  and  design  aids 
developed,'  can  be  used  to  study  the  frequency  response  of  a particular  line 
installation.  This  capability  can  provide  useful  information  in  avoiding 
lire  resonance  conditions  in  the  hydraulic  pump  operating  regime,  particularly 
fundamental  line  responses  which  ran  lead  to  rapid  fet’q1  : failure  of  a 
line. 

Ultimate  usefulness  of  a line  mechanical  response  computer  program  to  the 
system  designer  will  require  prediction  of  line  del  lections  and  rc-sulting 
line  stress.  This  capability  would  allow  the  designer  to  3'oid  ronf igurac  ons 
which  may  result  In  early  fatique  failure  of  a line  Installation. 

Wearout  of  line  clamp  cusnlon,  clamos:  and  clamp  mounting  structure  ere  long- 
range  problems  resulting  from  pulsltfion  Induced  lint-  motion.  Prediction  of 
line  motion  amplitude  and  direction  is  needed  to  allow  more  Judicious 
pl  acement  of  line' clamps  on  the  central  system  lines.  This  approach  would 
place  clamps  at.  locations  where  axial  line  motisr.  ••  thereby  increasing 

clamp  lift,. 
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A general  purpose  HLMR  program  will  require  considerably  more  test  verification 
work  and  better  mathmat leal  techniques.  In  recent  years  the  finite  element 
method  has  been  developed.  The  fc^slc  idea  is  to  divide  a complex  problem 
into  a series  of  simpler  interrelated  problems.  Thus,  the  whole  is  modeled 
as  an  assemblage ' of  discrete  parts  of  finite  elements.  Presently  a number 
of  disciplines  are  using  this  method  to  solve  problems  normally  associated 
with  stress  analysis  and  solid  mechanics,but  also  those  connected  to 
electromagnetics  and  fluid-flow  networks, 
b . Test  Results 

o line  specimens  were  excited  by  hydraulic  resonances,  and  resulted  in  complex 
mechanical  responses  for  which  analytical  tools  are  not  presently  available, 
o No  fundamental,  mecnanical  line  responses  were  encountered  in  the  pump 
operating  regime. 

o The  elastomeric  clamp  produced  only  a minor  effect  by  slightly  lowering 
the  peak  ‘'g"  levels  of  the  undamped  configuration.  There  was  no 
significant  change  in  mode  shapes. 

o Peak  pressures  and  accelerations  were  out  of  phase  for  the  straight  pipe, 
ncor  mid-span,  and  for  the  two-elbow  pipe  between  the  elbows.  They  were 
in-phase  for  tha  one-elbow  pipe  in  the  vicinity  of  the  elbow, 
c • bine  Data  Reduction 

The  use  of  single  ...ds  accelerometers  necessitated  the  re-run  of  the  pump 
speed  sweeps  for  each  of  the  three  orthogonal  axes.  Large  amounts  of  data 
had  to  be  coordinated  und  reduced  for  the  multiple  accelerometer  locations 
and  associated  pi’  . spier's.  This  was  time  consuming.  The  mode  shapes  were 
calculate-1  and  pJowi-.d  jc  each  significant  pump  speed  to  provide  an  overall 
view  >f.  .no  rsci. Ion  of  the  pipe  and  for  mode  identification.  The  1 rge  amount 
of  time  devoted  to  the  testing,  data  reduction,  and  subsequent  data  presenta- 
tion arid  correlation  limited  the  time  available  to  irvestig  -te  better  general 
matbmatical  techniques. 
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d.  Control  of  Line  Mechanical  Response 


This  effort  and  other  MCAIR  experience  shows  that  destructive  mechanical 
response  of  central  hydraulic  system  lines  is  definitely  the  result  of 
internal  excitation  by  pump  pulsations  and  the  resultant  resonant  hydraulic 
response  of  the  system.  Reduction  of  pump  pulsation  energy  produces  a 
reduction  in  line  motion.  Unfortunately,  pressure  pulsation  level  cannot 
be  accurately  correlated  to  line  mechanical  response,  which  varies  widely 
based  on  the  specific  line  installation/conf iguration.  Development  and 
use  of  effective  wide  band  pulsation  attenuators  offers  an  attractive  and 
perhaps  more  cost  effective  alternative  than  development  of  a general  purpose 
HLMR  ptogram.  The  use  of  an  analytical  definition  for  an  optimum  line 
configuration  may  be  nullified  by  installation  constraints  which  usually 
dictate  routing,  clamp  locations,  length,  bends,  etc. 

Current  design  requirements  for  line  clamp  type  and  spacing  address  steady 
state  loads  and  externally  applied  vibration  loads  from  the  airframe  or 
engine.  Cusnioned  line  clamps  do  not  significantly  alter  line  response  due 
to  internal  hydraulic  excitation.  They,  therefore,  must  be  designed  to  give 
good  life  with  whatever  line  motion  exists. 

F-15  PISTON  PUMP  MCPtX  VERIFICATION 

a.  Objectives  - The  primary  objective  of  this  portion  of  the  follov-on  contract 
was  to  investigate  means  tor  improving  and  expanding  the  capabilities  of  the 
HSFR  and  HYTRAN  pump  computer  models.  This  was  accomplished  by  conducting 
frequency  response  and  transient  tests  at  4400  psi  pump  outlet  pressure  to 
verify  model  simulation  at  higher  operating  pr assure, installat Ion  of  a case 
pressure  transducer  to  improve  the  pump  model  calculation  of  case  pressure 

at  1000  and  4400  psi  pump  outlet  pressur<  s,  and  model  changes  to  improve  the 
damping  characteristics  of  the  pump. 

b.  Test  Article  - The  F-.15  pump  used  in  t’.i - original  AFAPL  contract  was 
reworked  by  the  supplier  and  used  in  this  •* ;r if icat ion . The  wiped  port 
place  and  cylinder  barrel  were  replaced  - -.d,  a case  drain  pressure  tap  was 
Installed,  and  the  pump  was  outfitted  with  new  C'  rings.  Steady  state 

tests  were  run  to  recheck  the  case  pressure/! low  and  heat  rejection  characteristics 

c.  Model  Chtnges__-  The  computation  cor  pump  hanger  actuator  leakage  was 
updated  using  an  equation  for  fully  developed  laminar  steady  flow  between 
stationary  flat  plates.  Trie  computation  for  describing  the  flow  forces 

on  the  i'empon;  'tor  valve  was  Investigated.  A parametric  study  was  performed  to 
determine  the  sens! t Ivlty  of  Input  data  In  the  computer  simulation.  The  parameters 
invest! g^c ?d  were  hanger  damping,  actuator  displacement,  coefficient  of  pomp 
leakage,  and  case  volume. 
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d.  Conclusions  - 


o When  frequency  response  test  data  at  4400  psi  was  overplotted  on  HSFR 

computer  output  for  comparison,  the  plots  show  excellent  frequency  correlation 
for  the  second  and  third  system  resonant  frequency,  however,  much  higher 
peak  pressures  were  predicted  by  HSFR  than  were  measured.  The  period  of 
the  standing  pressure  waves  shows  excellent  correlation  between  computed 
and  measured  results,  but  again  the  measured  amplitudes  are  much  lower  than 
the  HSFR  program  predicts i Data  is  not  available  from  the  3000  psi  testing 
for  direct  comparison  at  the  high  flow  rate  required  to  keep  the  pump  control 
stable  at  4400  psi.  The  HSFR  pump  model  is  capable  of  accurately  predicting 
system  resonant  frequency  locations  for  system  pressures  up  to  4400  psi. 
However,  amplitude  prediction  is  not  accurate,  the  level  of  inaccuracy 
being  about  the  same  as  that  obtained  at  3000  psi  pressures, 
o The  computed  and  measured  results  during  transient  tests  at 
3C00  and  4400  psi  compare  well  in  most  cases.  The  general 
computed  vs.  measured  data  correlation  is  better  for  the  turn- 
on transients.  Both  amplitude  and  period  characteristics  of  the 
data  fit  much  better  than  for  the  turn-off  case.  It  is  concluded 
the  HYTFAN  pump  model  can  predict  transients  as  accurately  for 
system  operating  pressure  up  to  4400  psi  as  for  3000  psi  system  pressure, 
o Of  the  pump  model  changes  investigated,  the  hanger  damping  term 

has  the  most  significant  effect  on  yielding  good  correlation  between 
computed  and  measured  test  results.  Time  did  not  permit  determination 
of  an  algorithm  for  hanger  damping  that  fits  all  cases.  The  installation 
of  the  case  drain  transducer  enabled  the  study  of  case  pressure/hanger 
dynamic  relationships. 

3.  VANS  PUMP  MODEL  DEVELOPMENT  AND  VERIFICATION 
a • Vane  Pump  P r assure  Pulsa t ton s 

Total  pulsations  In  the  vane  pump  outlet  line  of  a simulated  system  reached 
a maximum  of  210  psi  peak-pe'k  at  14,000  - 14,500  rpm  with  an  outlet 
flow  and  pressure  of  8 gprn  and  343  psig.  Pre  mre  pulsations  at  this 
speed  in  the  upstream  control  line  are  very  strong,  reaching  about 
1000  psi  peak-peak. 
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The  relatively  low  impedance  (low  acoustic  ref lections) of  the  metering 
valve  allows  resonant  responses  from  all  the  test  circuit  lines  down 
to  the  load  valves,  and  probably  even  to  the  reservoir,  to  be  exhibited 
in  the  main  flow  line  from  the  pump  outlet.  Therefore, measured  resonmt 
pulsations  in  the  outlet  line  are  numerous. 

b.  Vane  Pump  HSFR  Model 

The  vane  pump  model  is  compatible  with  the  HSFR  program  and  can  be 

used  to  predict  flow  and  pressure  pulsations  in  a vane  pump  system.  The  vane 

pump  subroutine  models  the  detailed  motion  and  pumping  action  of  the  CECO 

vane  pump.  Although  much  of  it  is  applicable  to  vane  pumps  in  general,  the 

complex  variable  geometry  of  the  CECO  design  is  hard  modeled.  Modeling 

of  variable  ram  geometry  and  outlet  port  configuration  and  timing 

for  other  designs  would  require  changes  to  the  vane  pump  subroutine. 

Cam  geometry  and  outlet  porting  are  key  factors  ii\  the  prediction  of  pulsation  ampli- 
tudes. 

c.  Vane  Pump  HSFR  Model  Verification 

Resonant  frequencies  in  the  closed  end  sensing  lines  were  predicted  quite 
accurately.  The  best  accuracy  was  obtained  for  resonant  frequencies 
in  the  upstream  acting  line.  Simulation  of  the  sensing  line  terminations 
inside  the  pump  is  a source  of  error.  Predicted  amplitudes  were  about  twice 
measured  values.  Predictions  of  pressure  pulsations  in  the  outlet  line  are 
less  conclusive.  The  test  circuit  was  first  modeled  down  to  the  metering 
valve  and  then  to  the  load  valves,  and  still  does  not  seem  to  produce 
all  the  resonant  responses  present  in  the  outlet  line.  Predicted  amplitudes 
in  the  outlet  line  were  generally  about  2 times  measured  values. 

d.  Vane  Pur.p  HTTRAN  Model  Verification  - The  computer  predicted  values  for 
turn-on  and  turn-off  transients  compare  favorably  with  the  measured  test  data. 

Ir,  setting  up  the  simulation  care  must  be  taken  in  selecting  the  proper 
steady  state  operating  characteristics,  otherwise  a transient  will  occur 
when  the  3000  section  of  the  HYTRAN  program  begins.  The  transient  rasponse 
predicted  by  the  PUMP 5 2 model  is  good.  Lags  between  measured  and  computed 
data  are  dependent  on  the  actuator  extend  and  retract,  volumes.  The  cam 
loads  on  the  actuators  determine  the  extend  and  retract  pressures  which  are 
not  simulated  well.  A better  definition  of  these  loads  might  improve  the 
c c 1 c ulated  pres  sure,  s . 
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4.  HYDRAULIC  MOTOR  MODEL  DEVELOPMENT  AND  VERIFICATION 


a.  Motor  HSFR  Model  & Verification 

The  motor  model  was  readily  adapted  from  the  pump  model.  The  lack  of 
a static  loading  capability  prevented  the  acquisition  of  extensive  frequency 
test  data.  However,  the  limited  test  results  and  the  pulsations  predicted 
by  the  model  showed  very  low  amplitudes,  less  than  20  psi  peak-peak.  The 
motor  model  performs  both  inlet  and  outlet  system  acoustic  analyses  when 
used  with  the  HSFR  program. 

b.  Motor  HYTRAN  Model  & Verification 

Some  verification  of  a basic  transient  motor  model  was  achieved  within 
the  limits  of  budget  and  schedule.  The  model  is  applicable  to  in-line  axial 
piston  motors.  Computer  results  were  good  without  simulating  lead  inertia.  Motor 

If 

internal  inertia  is  high  compared  to  reflected  load  inertia  ir.  high  gear  reduction 
applications  such  as  the  F-18  leading  edge  manuevering  flap  system.  However,  j 

load  inertia  is  high  in  direct  drive  applications  such  as  a gun  drive. 

The  present  model  is  adequate  for  transient  analysis  of  motor  driven 
utility  functions  controlled  by  separate  selector  valves.  The  motor  model  1 

must  be  integrated  with  a servo  control  model  to  use  it  in  simulations  of 
servo  controlled  motor  driven  systems.  MCAIR  wrote  a serve  motor  model  for 
the  Shuttle  Orbiter  ruddar/speed  brake  and  is  working  on  a model  for  the 
F-18  leaning  edge  flap  drive.  However,  no  direct  verification  of  a servo 
controlled  motor  drive  has  been  accomplished.  This  would  require  a specially 

r t 

instrumented  servo  motor  drive  package  and  static/inertial  load  simulation.  ; 

Analysis  of  high  response  servo  motor  driven  systems  provides  an  axcellent  1 

application  for  the  HYTRAN  program  and  should  justify  future  iiodeling/ 
verification  effort. 

I 

Tests  with  high  load  inertia  would  enhance  model  verification  for  gun  j 

drive  type  applications.  The  present  model  includes  internal  leakage  \ 

' . I 

characteristics.  j 

. i 

I 

| 
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SECTION  VII 


RECOMMENDATIONS 

1.  HYDRAULIC  LINE  MECHANICAL  RESPONSE  PROGRAM 

For  long  range  activities  it  is  recommended  that  the  development  of  a digital 
computer  program  be  initiated  utilizing  the  matrix  concept  of  the  finite  element 
method  with  a concurrent  effort  to  further  evaluate  the  ultimate  usefulness  of 
such  a program  to  the  design  of  hydraulic  system  Installations.  For  short  term 
activities  a continuing  program  of  test  data  accumulation  and  refinement  of 
empirical  solutions  is  recommended.  The  following  are  recommended  for  future 
efforts: 

o Investigate  the  feasibility  of  applying  a finite  element  method 
(possibly  the  NASTRAN  program)  to  predict  mode  shapes  and  frequencies', 
o Conduct  tests  on  present  tested  specimens  using  strain  gages  to  determine 
the  relationship  between  stresses,  hydraulic/mechanical  resonances,  and 
previously  measured  accelerations. 

o Determine  the  effect  of  increasing  clamp  flexibility  by  using  F-1S 
type  production  clamps  in  the  three  previous  test  installations. 

2.  F-15  PISTON  PUMP  MODEL 

Further  investigation  of  the  pump  damping  characteristics  and  its 
modeling  is  recommended.  Tests  should  be  conducted  on  another  pump  configuration 
such  as  the  F4  pump,  to  verify  the  adaptability  of  the  pump  model  to  pumps 
of  other  sizes  and  more  conventional  response  characteristics. 

3.  CECO  VANE  PUMP 

The  pump  and/or  engine  manufacturer  should  determine  if  the  high  pulsations 
-a  the  upstream  control,  line  are  contributing  to  pump  or  line 

failure  modes.  These  pulsations  could  be  reduced  by  the  use  of  a larger  control 
line  e.g.  3/8  vs.  1/4  or  an  orifice  in  the  control  line  at  the  main  line  junction 
However,  these  techniques  might  adversely  affect  the  control  loop  response. 
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* HSFR  MODEL  - To  improve  the  HSFR  flimulati-n  a detailed  knowledge 
of  the  pump's  internal  leakage  characteristics  is  desirable.  This  would 
■ore  accurately  define  the  precompression  characteristics  and  provide 
better  correlation  between  outlet  flow  and  cam  position, 
b.  HYTRAN  MODEL  - The  addition  of  an  empirically  derived  actuator  load 
versus  stroke  curve  at  various  outlet  pressures  would  improve  the  PUMP52 
computation  of  actuator  ex^'rd  aud  retract  pressures.  More  detailed 
testing  is  required  to  generate  this  data. 

HYDRAuLXC  MOTOR  MODELS 

a.  HSFR  MODEL  - Further  tests  on  frequency  hydraulic  motors  should  include 
a static  loading  system  for  the  motor.  Tests  with  inertial  load  simulation 
should  be  conducted  to  further  verify  the  HYTRAN  motor  model  for  direct 
drive  applications. 

b.  HYTRAN  MOD El.  - Modeling  and  verification  of  a complete  servovalve 
motor  package  with  simulated  static  and  inertial  loads  is  recommended  to 
provide  direct  model  capability  of  aerodynamic  control  surface  applications. 


APPENDIX  A 


BIBLIOGRAPHY  OF  FLUID-LINE  COUPLING  ANALYSES 

Ashley,  H.,  and  Haviland,  G.,  "Bending  Vibrations  of  a Pipe  Line 
Containing  Flowing  Fluid"  Journal  of  Applied  Mechanics,  Vol.  17, 

No.  '3,  September  1950. 

Papier  deals  with  vibrations  caused  by  cross  winds  on  large  (30-inch) 
diameter  steel  pipe  lines  supported  above  ground  at  66  ft  intervals. 

The  analytical  investigation,  based  on  simple  beam  theory,  assumed 
that  the  pipe  is  simply  supported  (pinned-pmned)  and  calculations  made 
for  a number  of  flow  rates.  The  fundamental  frequency  was  determined  to 
be  3.54  Hz  and  would  be  approximately  constant  for  the  practical  limits 
of  fluid  flows.  No  relationship  was  made  between  winds  and  frequencies 
other  than  to  state  that  any  transient  aerodynamically  induced  excita- 
tion could  be  handled  by  energy  dissipation  of  the  fluid  motion. 

Housner,  G.,  "Bending  Vibrations  of  a Pipe  Line  Containing  Flowing 
Fluid"  Journal  of  Applied  Mechanics,  June  1952,  pp  205-208. 

Identical  title  as  the  Ashley-Haviland  paper,  with  additional  analytical 
study  involving  the  coupling  of  vibration  modes.  It  shows  that  little 
or  no  damping  can  result  in  large  amplitudes,  and  that  at  a high  critical 
velocity  (380  ft/sec)  the  fluid  flow  can  cause  a dynamic  instability. 
However,  such  a fluid  speed  is  not  realistic,  being  25  times  as  large 
as  the  normal  flow.  Since  amplitudes  depend  on  the  amount  of  damping 
in  the  system  and  the  magnitude  of  the  exciting  force,  a vibration 
problem  can  develop  which  is  similar  to  the  Tacoma  Narrows  Bridge  case. 
The  collapse  of  the  bridge  was  caused  by  lack  of  built-in  damping.  A 
condition  of  no  flow  in  the  pipes  would  require  a transverse,  exciting 
force  of  13  lb/ft.  to  cause  undesirable  effects.  Such  a force  rate 
was  considered  unreasonable  and  not  attainable.  No  axial  excitations 
were  taken  into  consideration.  Unanswered  is  the  size  of  the  aerodynamic 
force  developed  when  air  flows  by  a cylinder  located  near  the  ground. 
Long,  P,  H. , Jr.,  "Experimental  and  Thecrei ical  Study  of  Tranverse 
Vibration  of  a Tube  Containing  Flowing  Fluid*  Journal  of  Applied 
Mechanics,  March  1955,  pp  65-68. 
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The  equations  of  action  derived  in  Housner's  paper  are  solved  by  means 
of  a power -series  approximation  for  specific  boundary  conditions. 

These  conditions  depend  on  the  type  of  supports  for  the  pipeline,  i.e., 
fixed-fixed,  pinned -pinned,  or  fixed-free. 

The  pinned-pinned  experimental  investigation  was  performed  using  a 120.03 
in.  long  low-carbon-steel  pipe,  one-inch  OD,  and  a wall  thickness  of  0.037 
in.  The  natural  frequency  of  the  pipe  containing  water  at  zero  velocity 
was  determined  to  be  5.65  Hz.  The  frequency  remained  at  this  value 
as  the  water  flow  increased  to  35  ft/sec.  Independent  unpublished 
experimental  work  on  a similar  tube  was  made  at  Cal  Tech  and  reported 
in  this  paper  which  indicates  that  a ten-fold  increase  in  fluid 
velocity  reduced  the  natural  frequency  of  the  pipe  by  3.2  percent. 

Tests  on  fixed-fixed  and  fixed-free  pipe  end  conditions  using  a one- 
inch  OD,  .073  in.  wall  thickness,  57.95-in  long,  SAE  4130  steel  tubing, 
filled  with  water  produced  reasonable  agreement  between  the  analytical 
and  experimental  results. 

The  significant  results  of  the  tests  indicate  that  fluid  flow  has  a small 
effect  in  reducing  the  frequency. 

J.  D.  Regetz,  Jr.,  "An  Experimental  Determination  of  the  Dynamic 
Response  of  a Long  Hydraulic  Line,"  NASA  TN  D-576,  December  1960. 

The  primary  objective  of  the  tests  was  to  determine  the  frequency  response 
of  small  perturbations  in  pressure  and  fluid  (JP-4  fuel)  velocity  in 
a long  (68-ft)  hydraulic  line.  The  results  indicated  that  the  dynamic 
behavior  of  the  line  depended  mainly  on  the  elastic  constants  and  inertia 
of  the  line  and  fluid,  and  on  impedance.  In  addition,  the  longitudinal 
frequency  of  the  pipe  had  a marked  effect  on  the  Inlet  impedance  frequency 
response. 

R.  J.  Blade,  W.  Lewis  and  J.  H.  Goodykoontz,  "Study  of  a Sinusoidally 
Perturbed  Flow  in  a Line  Including  a 90°  Elbow  with  Flexible 
Supports"  RASA  TN  D-1216,  July  1962 

Tests  were  conducted  on  a 68-ft  line,  with  a sharp  bend  at  midpoint. 

The  line  was  supported  in  a manner  that  allowed  for  longitudinal  motion 
of  the  downstream  half.  Sinusoidal  perturbations  were  imposed  by  oscillating 
a valve  about  a partially  open  position.  The  fluid  used  was  JP-4  fuel. 

The  method  of  analysts  assumed  the  mechanical  pipe  vibrations  as  a spring- 


mass  system  with  viscous  damping.  The  results  of  the  analysis 
was  considered  to  be  in  good  agreement  with  the  tests. 

A.  Bold-.  "Determiner ion  of  Stresses  in  Fluid  System  Tubing  Under 
Conditions  cf  Pressure  and  Flexure"  NAEC-AML-22d3,  19  August  1965 
The  purpose  of  these  tests  were  to  determine  the  stresses  developed 
in  tubing  while  under  pressure,  or  due  to  bending,  or  both,  in  order 
to  establish  a method  to  measure  stresses  in  tube-fitting  assemblies. 

The  report  concludes  that  the  method  outlined  produced  more  accurate 
results  than  the  procedure  in  MIL-F-15280B  because  it  includes  longitudi- 
nal as  well  as  lateral  changes  in  the  tubing. 

J.  H.  Ginsberg  "The  Dynamic  Stability  of  a Pipe  Conveying  a Pulsatile 
Flow"  International  Journal  of  Engineering  Science,  Vol.  11,  1973, 
pp.  1013-1024 . 

The  analysis  oeals  with  small  displacements  of  a pipe  conveying 
a pressurized  fluid  wich  a fluctuating  harmonic  velocity.  Equations 
of  motion  are  derived  for  the  case  of  a pinned-pinned  pipe.  The 
pulsating  flow  causes  the  pipe  to  have  regions  of  dynamic  instability 
which  increases  proportionally  to  the  amounts  of  fluctuation.  The 
pape  indicates  that  the  results  have  great  similarity  to  beams 
carrying  pulsating  enu  forces. 

F.  J.  Shaker,  "Effect  of  Axial  Load  cn  Mode  Shapes  and  Frequencies 
of  Beams"  NASA  TN  D-8109,  December  1975. 

An  im estigat ion  was  conducted  into  the  effects  of  axial  load 
on  the  natural  frequencies  and  mode  shapes  of  uniform  beams  for 
various  end  conditions.  The  results  are  shown  in  a series  of  graphs 
so  that  frequency  as  a function  of  axial  load  can  readily  be  determined. 
Another  teries  of  graphs  shows  the  effect  of  axial  load  on  mode  shapes. 

T.  Iwarsubo,  7.  Sugiyama,  and  S.  Ogino,  "Simple  and  Comblnslion  Resonances 
of  Columns  under  Periodic  Axial  Loads"  Journal  of  Sound  and  Vibration, 
1974,  33(2),  211-2 21. 

This  paper  is  a theoretical  stuoy  into  resonances  of  columns  under 
periodic  axial  loads  for  four  boundary  conditions.  Them  were  (a)  a 
column  pinned  at  both  ends,  (b)  fixed  at  both  ends,  (c)  fixed -pinned, 
and  (d)  1: red -free.  It  concluded  the  region  for  first  mode  resonance 
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Bay  not  necessarily  be  the  most  important  region  for  columns  under 
loading.  Higher  modes  and  combination  resonances  may  be  of  equal 
or  more  importance. 

10.  H.  P.  Paidoussis,  and  C.  Sundararajan,  "Parametric  and  Combination 
Resonances  of  a Pipe  Conveying  Pulsating,  Fluid"  ASME  Paper  75-WA/APM-29, 
December  1975. 

The  authors  studied  the  dynamics  of  a pipe  conveying  a pulsating  fluid. 

The  pipe  hangs  down  vertically  in  a fixad-free  configuration.  Although 
much  of  the  study  was  devoted  to  this  case,  a fixed-fixed  condition 
was  also  analyzed.  The  conclusions  were  that  for  the  fixed-fixed 
case,  combination  resonances  are  associated  with  the  sum  of  the  eigenfrequen 
cies,  while  for  the  fixed-free  case  they  are  associated  with  the  difference. 
It  stated  that  the  conclusions  were  in  qualitative  agreement  with  experi- 
ments. These  experiments  \ 're  to  be  reported  at  a later  date. 

11.  D.  B.  Callaway-  F.  G.  Tyzzer,  and  H.  C.  Hardy,  "Resonant  Vibrations 

in  a Water-Filled  Piping  System"  The  Journal  of  the  Acoustical  Society 
of  America,  September  1951. 

The  study  reported  on  experiments  performed  on  a straight  52.8-fcot 
long,  2.375r-in.  O.D,  0.067-in.  wall  thickness,  copper  nickel  tube. 

The  water-filled  pipe  was  suspended  horizontally  by  soft  rubber  loops 
and  the  ends  were  closed  by  membranes.  It  was  determined  that  there 
, was  large  coupling  between  water  vibrations  and  pipe  wall  bending 
vibrations,  so  that  longitudinal  excitation  of  the  water  column  resulted 
is.  wall  motions  of  large  amplitude.  Thi3  is  due  to  the  large  diameter- 
to-wall  thickness  ratio  not  encountered  in  aircraft  applications.  1 Bending 
modes  were  found  to  be  more  numerous  than  other  modes  and  causing  trans- 
mission of  noise. 

12.  L.  C.  Davidson,  and  J.  E.  Smith,  "Liquid-Structure  Coupling  in  Curved 
Pipes"  The  Shock  and  Vibration  Bulletin  No.  40,  Part  4,  pp  197-207, 

December  1969. 

A 78.28-in.  long  pipe,  £.5-in  OD,  copper -nickel  pipe,  with  a 90-deg. 
elbow  at  midpoint,  was  filled  with  oil  with  a bulk  modulus  of  238,000 
psl.  The  exciting  force,  consisted  of  an  external  source  driving  a piston 
linked  to  the  elbew.  The  results  were  reported  graphically  in  terms 
of  mobility  (velocity/force)  vs.  frequency  and  showed  good  agreement 
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between  co touted  and  measured  results  over  a frequency  range  between 
20  Hz  and  2000  Hz. 

13.  L.  C.  Davidson  and  D.  R.  Samsury,  "Liquid-Structure  Coupling 
in  Curved  Pipes-II"  The  Shock  and  Vibrations  Bulletin,  No.  42, 

Part  1,  pp  123-135,  January  1172. 

A piping  assembly  consisting  cf  straight  sections  and  uniform  bends 
in  a non-planar  arrangement  containing  a liquid  was  analyzed  and 
tested.  The  analysis  indicated  coupling  between  compressional 
wave  of  the  liquid  and  mechanical  responses  of  the  pipe.  Tests 
generally  confirmed  existence  of  the  coupling  but  not  the  frequency 
characteristics. 

14.  D.  R.  Samsury,  "Liquid-Structure  Coupling  in  Pipes,"  USN  (NSRDC) 

Report  4191,  April  1974. 

A rigorous  mathematical  development  of  liquid-filled  elbows  and 
straight  pipes  is  detailed.  The  analysis  is  based  on  the  previous 
studies  by  the  same  Navy  group  as  a continuing  interest  in  the  problem 
of  noise  transmission  thiough  liquid-filled  piping  systems.  Che 
study  indicates  th; t in  straight  pipes  no  liquid-to  -structure  coupling 
should  occur  which  is  contrary  to  the  findings  of  ether  investigators. 
Experiments  using  four-in.  diameter  pipes,  three  to  four  feet  in 
length,  showed  that  the  coupling  phenomenon  was  suppressed. 

Among  the  recommendations  mads  were  the  following! 

(a)  The  development  of  analytical  models  of  other  pipe  components 

(b)  A design  guide  to  analyze  piping  systems 

15.  Armed  Services  Investigating  Subcommittee,  "Crash  of  the  F-14A", 

H.  Res.  201,  U.S.  Government  Printing  Office,  December  20,  1971 
Allegations  of  defects  and  deficiencies  ii  the  F-14A  aircraft 
design,  manufacture,  testing,  and  management,  were  made  after  a 
crash  occurred  on  its  second  test  flight. 

Accident  investigation  revealed  that  the  causes  were  fatigue 

fractures  in  the  hydraulic  control  system  tubing  as  a result  of 

* 

ripple  vibrations  of  the  hydraulic  pumps. 

The  findings  ,»f  the  subcommittee  indicated  that  the  failure  of  all 
three  control  systems  ecu Id  bn  laid  on  faulty  end  inadequate  design 
and  possibly  incomplete  testing.  In  addition,  the  evidence  did  disclose 
basts  for  most  of  the  allegations. 
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16.  J.  L.  Sew&ll,  D.  A.  Wineman,  and  R.  W.  Herr,  "An  Investigation 
of  Hydraulic  Line  Resonance  and  Its  Attenuation"  NASA  TM  X-J2787, 
December  1973. 

The  study  mentions  in  its  in c redact  ton  "the  crash  of  an  advanced 
fighter-aircraft  prototype",  presumably  the  F-14  aircraft,  and  the 
failure  of  the  hydraulic  line  due  to  pump  pressure  pulsations, 

The  experimental  investigation  involved  the  us=  of  two  types  of 
attenuators.  One  involved  the  use  of  a closed-end  tube  (standpipe) 
normal  to  t.h<  main  pipe.  The  other,  was  a commercial  damper 
with  an  intricate  internal  flow  arrangement.  The  conclusions  indicated 
that  the  commercial  damper  attenuated  pressure  pulsations  over  a 
wider  frequency  range  than  tie  standpipes. 

17.  J.  A.  Hutchinson,  and  R.  N.  Hancock,  "Ground  Vibration  Survey 

as  a Means  of  eliminating  Potential  In-Flight  Component  Failures" 

Shock  and  Vibration  Eulletin,  No.  43,  Part  IIT,  June  1973,  pp  175-18C. 
This  paper  describes  the  ground  vibrations  tests  and  procedures 
that  Vought  Aeronautics  Company  performed  on  the  XC-142A  and  A-7E 
aircraft.  The  company  decided  to  resolve  empirically  the  problems 
associatid  with  complex  ir stallations  which  were  considered  not  amenaole 
to  design  analysis.  Over  a thousand  surveys  were  made  which  resulted 
in  338  nodi fioations  to  the  aircraft  exponents.  The  paper  claims 
that  t.ve  results  of  all  these  efforts  virtually  eliminated  hydrevlit 
leaks  and  intermittent  connector  failures. 
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APPENDIX  £ 

HLMR  COMPUTER  PROGRAM 
AND 

SAMPLE  RESULTS 

Bl.  PROGRAM  LISTING 

B2.  list  of  symbols 

A list  of  symbols  with  descr:  ->tion  and  units  used  in  the 
sample  computer  runs. 

B3.  SAMPLE  COMFUTER  RUNS 

Tables  B3  th  ough  B4  summarize  the  results  of  computer  runs  for  the 
straight  pipe,  one-elbow  pipe,  and  two-elbow  pipe,  respectively. 
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TABLE  B1 

HLMR  P30C.RAM  LISTING 
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B*v:'\  s»EC:.)\ 0/0 , -1  • Clft  52K - 5 , 1 . 2301  6i.-5 , 3 . 04 2 3 31..-6 , 2 . 3 2o04 r.-5 , 

"2. 201  lb i.-  l . 2. 2 40 67i;-b,  5. ‘>25 7 3 1.-5, 5. 05 201., -5,0.  264J4h-5, 

X-4.4i>2  3t-S, 1 . 230156-4,1.094696-3.  1.4  4577l-4,  1 .640471.-4, 

'21 .55471,-4  , 1 .052381.-4, 2.022it-4,  >.  22091-4  , 2.0790<3t-4  , 

2 2.  i 30951’.-  4 , 2. 34 Oil'll-.- 4 , 1 . 3*2  4 3i..-4, 2.  2 U7t.-4/ 

DM.3  fIdOT/0,1  . 3955fc>3,0. 785  7t--4,l.  17791 1-3,  1.41534L-4, 

2-4.003 56u-3,3.32l43L-7,1.07143L-3,1.496U3t-3.4.2610b-3, 

27. 7 29SU-3, 2. 6415  Jt- 3. -1. 211 111.-2,6. 54804t.-J,  5. 31 4i»li.-3, 

Z5. 009261.-3 , 3.9695081.-3 , 3. 3>322ftfc-3, 2. 0333  3k- 3, 3.5.it-3, 

21 .60  714.1- - 3,  1 .90476l_-4,4.654  7 6i.-3,  2. 0 52  7 01.-3/ 

24  r.i  Hi.:)/  2 2.4, 22. 2)03, 21. 377  o,21. 5 023,2  1.2  01, 2 0.9332, 2 0.64n3, 
220.29)7  , 19. 9517, 19. 6 0 29, 19. 00 52,1 3. 6 012,1 3. 0 5, 17. 50!) 5, 17. 147 9,  , 
21*1. 7060. 16.5067,16. 2064,15.9195,15.6,15.2079,14.70,14.4467, 

214.10 0 j / 

DATA  C\7Oi/.0Ol , .000, .10) , .140, .161  , .199, .201, .210, .251  , .274,  .27f,, 
2.20  0, .3'.))  , . 3 52,  . 334,  . 3665,  . 3 575,  .399,  .401  ,.449,  .4  51  , .4  39,  .501  , 

2.5  4 ) , .551  , .5  >9,  ,6ul , .6  335, .6  345, .666, .660, .649, . 701 , .724 , .726, 

2.7  40  , . 7 il  , .7  09,  .801  , .840,  .951,  .399,  .90)  , .949,  ,9r-l , .907,2.  ,3.  ,4.  , 


2.20  0, . 301  , . 3 12, . 334, . 3665, . 3 575, .399, .401  , . 4 40 , . 4 51 , .4 99 , .501 , 

2.5  4), .551 , .5)9, . 6 u 1 , .6335, .6346, ,606, .663, .649, . 701 , .724 , .726, 

2. 7 40  , . 7 i l , .7  09,  .801  , .849,  .951,  .399,  .90)  , .949,  ,9r-l , .937,2.  ,3.  ,4.  , 
25,/ 

l PKl.’iT,  • L-l  TKK  1 FOK  YL:»,  AN  9 0 FOP  N’M  ’ 

* 3 . 14150265 1 

?KV.  th>;  mot.  sriMK  (0),  ONt  kLooh  (l),  ot;  ■f.-.-o  u..;m  u>* 

A ),  *•,./' 

C‘‘  t,L  I-if-rOM  D,T,  R2 ,12,11) 

1 ' { A.  Lf! . t.<’ . 0 ) ill)  TO  1 

JK'C'ifi.fc  ?.l  iG')  TO  2 ' 

I " { •)  H . h'J . 2 ) i,1)  TO  3 
GO  TO  51 

i PRINT,  'itOtMOIT  PI  PLs  DO  YOU  »J5;1  TO  COMPJTf.  INPLAilfc  AND  OUT  OF  PI 


TO  COMPitt 


IN  PLAN fc  AND  OUT  OF  PLAnUVIOK 


CO-iPU  it  U.VTNIKICU’I'JN  FACTOKii?  Y OK  H' 


.10  TO  6 
THt  PIP! 


199 


00590 
00600 
00610 
0062  0 
00630 
00640 
00650 
00660 
00570 
0 0600 
00690 
OOl’OU 
00710 
0072!) 
00730 
00740 
00750 
00760 
00770 
00730 
00790 
00800 
0081.0 
00820 
00830 
00840 
00350 
00060 
00861 
00852 
00870 
00830 
00890 
00900 
0 0910 
00920 
00930 
00940 
00950 
00960 
00970 

009  SO 
0 0990 
01000 
01010 

010  20 
01030 
01040 
010  50 
01060 
0 3 070 


Sis  PAGE  IS  BEST  dUijm  PWCTICABI4 

urn  oon  noaisHSD  to  d^c  — ^ 


5 


54 

55 


3 


9 


CALL  3ASCDA(  01  ,Al,A2,Wl,w2,w3,G,R3,PI,D,T,.Kl,AL,R2) 

ADM».5*SQRT(G*t/Rl) 

ri=D-2*T 

Dl=K2/Rl 

D2=Fl**2/( D**2-F1**2) 

F0= ( 22. 4/( 2*PI ) ) *S0i<T( ( E*BI *G)/( K3*AL**4 ) ) , 

F2=(61.7/22.4)*F0 

F3“( 121/22. 4 ) *F0 

F 4 = { 200/22.4 ) * F 0 

F5  = ( ADil/AL ) /SQRT ( l+Dl*D2) 

IF( 3ER. KQ.OJGO  TO  6 

FRINT,  ’NAGwIFICATIGn  FACTORS  INPUT  DATA  ' 

PRINT, 'ENTER  THE  PIPE  LENGTH* 

READ, AL 

PRINT,  ’ ENTtR  THE  NU.13ER  OF  POINTS’ 

K EA  D , f ! 1 
DO  5 5 M = 1 , N 1 
WRIT E( 6 , 54 )N 

FOP.i-lVn  SHIN  PUT  X{  ,1  1,  1H)  ) 

R E A D , CO ( N ) 


CON TIN US 

PRINT,  ’ t-NTER  PI  S.  P 2 1 
READ, Pi, ?2 

PRINT, ’ENTER  Q1  & Q2’ 

R LA  O , Q 1 , Q2 

PRINT,  ’ENTER  W0  S,  H • 

R bA  D , >*0  , H 

PRINT, ’ENTER  'frit.  SPRING  KATE  * 

T0  = 90 

R=3 


RbAD,S 

PRINT, ’ENTER  THE  DISTANCE  BETWEEN  SUPPORTS’ 

READ, 50 

CALL-  BASCDA  ( 31  , A1  , A 2,  wl , W2  , w3  , G,  R3 , PI  , D , T , R 1 , A L , R 2 ) 
S3=( L*flJ*G)/(R2*A2+Rl*Al) 

S6=SORT(S8 ) 

DO  8 N = 1 , 1 0 

C3(N)=( (n*PI)**2)*S6/( ( 80/ ( M+l ) ) **2) 
F6=A2*S0RT(P1**2+P2**2) 

F7  = ( (R2/G)/A1) *(Ql**2+02**2) 

F3  = 3QRT ( Q1 * *2  + Q2*  * 2 ) /A  2 
R0=F6/F7 


IF( R0. LT. 500JGO  TO  9 
F7  = 0 


Tl*T0/57. 29578 
J0=Fo* ( 1-COS ( T1 ) ) 
J1=F7* ( 1-COS (Tl) ) 
J 2 = f ' 6 * 3 1 N { T 1 ) 

J 3 ~ F 7 * S T { f l ) 

Q9*J2+J3 

08*31+30 


200 


0 1080 
01030 
01100 
oino 
01120 
U1130 
01141' 
01150 
0)  U.0 
01170 
01  180 
01  HU 
01  200 
01210 
012  20 
012.10 
01240 
01250 
01260 
01270 
01  780 
01  20  0 
01200 
01310 
01320 

013  30 
0134  0 
01  350 
01  35” 
01370 
01330 
01  300 
01  4 80 
OHIO 

014  20 
0 1 4 3 j 
■31140 
014  50 
01  4 50 
014  7 0 
OHIO 
0140  0 
01500 
01510 
016  2 0 
01530 
0 3 540 
0 1 550 
(,  1 5 5 0 
01570 
01500 


IBIS  PA5E  IS  BBST  Q’JAim  mWICABi* 
|90»  OOP!  WRMSHJSD  TO  DOO  


Y9=09/(  { v. 3/ O *C3(  1)  **2) 
h9«iQRT(:5V.*0;/  43) 
t.4=t.O* . 3*PI 
A9=.«4/C1(  1) 

A H=i/)/ C3  ( 1 ) 

09= 1-A  0 * * 2+A  0**2 

1 F ( D9 . c-0  - 0 ) GO  TO  G 

Cl=BC/2 

07)  11  N = 1,N1 

C 2 ( ) ) = 0 

OO  10  0=1,10 

V8=2*(0IM(  J*i>I*Cl/D0)  *iiIN(  J*PI*C0(.i)/L'.0))/A9a(  J**4+D9-l) 

10  C 2 ( ! )=C2(N  )+Vt) 

11  C6(N)=Y9*C.2(.<; 

G CO.) VI I) JO 

00  201  '1  = 1 .M 

C 2(  1 ) *«\:4S  ( C2  (:<  ) ) 

201  COVIIUUb 

I F ( CLK.  t.0 . 1 ) GO  TO  12 

1 F ( BLF..  13.3.1)00  TO  13 

12  CALL  OUTPTli L , 0 , T , AL, HI , 8 2 ) 

CALL  CUTPT2( 31 ,\L4, A1 , A 2 , Al , 02 ) 

CALL  DO.rPT3t-.i3) 

CALL  OUTPT 1 ( A L , F 0 , F 2 , F 3 , F 4 , F 5 ) 

I F ( urJP.  L:C  • 1 ) GO  TO  13 
GO  TO  11 

13  CALL  OUT PTl ( c, , 0 , T , A L , Kl , K 2 ) 

CALL  OUT  PT 5 ( TO,  P, , PI , P2 , ;1 , Q2 , 60 , Cl , G , ll) 

CALL  OUTPT  2 ( JT  , AL4  , A1 , A2,  Wl , '.<2 ) 

CALL  OUTPT6  ( -v 3 , C 3 ( 1)  , F7 ,03  , F8 , ..9 , F6 , 09  , Y9  ,A9 , PI ) 

CALL  OUTPT 7 ( CO ( 1 ) , C2 ( 1 ) , C5 ( 1 ) ,C3 ( 1 ) , PI ,0 1 ) 

' 14  GO  TO  15 
2 Y( 50) =0 

PUIilT  , ' LNTL8  AL1  S AL2  * 

KfcAO, ALl , AL2 
Hl=AL2/ALl 
AL=A L1+AL2 

CALL  OVGCDA ( BI  , A 1 , A 2 , -.1 , *2 , ‘<5 , G, K 3 , PI , 0, T , Rl , AL,  K2) 

?K1UT,  ’EMTt'R  TH1..TA  ' 

K FAD,  XI 

PLj.v’T,  ' LNTM-f  THb  WD  KALI  JO’ 

Ft. AO,  R 

DO  16  .7  = 1,24 

Y ( J ) = F T F TO  ( .1 ) *X  1 * *5  + FOUKTU(  J ) *X  1 * *4  +THI  i<0(  3 ) *X  1 * * 3+G  tCGO  Q(  J ) *XH*2 
Y ( 7)=Y(J)+FIK0T( J)*a1+3LD( J) 

15  CO..  ri'-.Uc. 

C=1 
A = 1 

00  17  J--1.4  7 

m.LTA=C+l 
3*A  + 1 


IBIS  PICES  IS  BEST  QtlAltTT PRAKICA&UI 
iBOfl  oopx  nraisHSD  ro  dcc 


01599 

0]  aoo 

01619 
016  20 
01630 
01640 
01650 
01660 
01670 
010  30 
01  590 
01700 
01710 
01720 
01730 
017  10 
01750 
017  60 
01770 
0 1 7 b 0 
01790 
01800 
01810 
01320 
01330 
01840 
01850 
01860 
01.770 
01330 
01800 
01900 
01910 
01011 
01920 
01930 
019  40 
01950 
01960 
01970 
01980 
01990 
02000 
0 2010 
0 20  20 
0 20  3C 
02040 
0 2 0 5 0 
0 2060 
02070 
02030 


I F ( li  1 . GT . CA RDs  ( A ) . AN  0.  ill  . LI. CARDS  ( H)  ) X ( 50 ) = ( Y ( C ) +"/(  OtL TA  ) )/2 
A=A  + 1 
13  = 3 + 1 

I F(  Hi . GT. CAROS ( A)  . At i 10. Hi  . LT. CARDS ( 3)  ) X ( 50 ) = ( Y ( DELTA  ) ) 

IF(Y( 50) .Ne.O) 30  TO  57 
A=A  + 1 
17  C=C+1 

57  V*5=Y(  50)  * ( ( t.**3I  *G)/(  ».3*AL**3 ) ) **  .5 
F9  = n'5/(  2*PI  ) 

02=F9/.15 
H ( 1 ) = 1 5 . 4 
H ( 2) =5 0.0 
H ( 3 ) = 1 0 4 . 0 

AL4= ( ALl +AL2 ) - R*  ( 2- FI/2) 

UO  18  N = 1 , 3 

C0(N)*(H(S  )/( 2*PI*aL1**2) ) *SQRT(  G*E*ilI/  { . 4 37  5* ( Kl*Al+. 67*R2*A 2 ) ) ) 
13  C2C4)  = (H(N)/(  2*PI*AL2**2)  ) *SOi<T{G*E*CI/(  . 4 375*  ( Rl  *Al+.  67*  «2*A2  ) ) ) 
A3=l/( 2*PI *AL1; *SOHT( ( G*E ) /Rl ) *l/oORT( l+( R2*A2)/( Rl*Al) ) 

A6~  1/  ( 2*  PI  *ATj2  ) *SQRT(  ( G* E ) / Rl ) * 1/SQRT(  1 + ( K2*A 2 ) / ( 111  *A  1 ) ) 

A31=l/( 2*PI*AL1)*30RT( (G*c)/Rl )*l/oOKT( 1+ ( R2* . 3 3*A2 )/( Rl*Al) ) 

A61  = l/( 2*PI*AL2) *aOKT( ( G* t ) /Rl ) * 1/SQRT' 1 + ( R 2* . 3 3*A 2 )/ ( Rl*Al) ) 

DO  19  N =1,3 

IF( ALl .60.0) GO  TO  20 

C6(N  )=C0(N  ) *A3/ 3QRT(  CO (N  ) ** 2+A 3* *2  ) 

20  I F ( AL2 . LQ . 0 ) GO  TO  19 

C 3 { N ) = C 2 ( N ) *A6/SQRT(C2(M ) **2+A6**2) 

19  CONTIWUb 

PRINT , ' ON b ELBOo  PT  PL  VI 3 RATIONS ' 

CA  L L OUT  FT  1 ( l, , D , T , \L , R 1 , R 2 ) 

CALL  OUTPT3 ( A L2 , ALl , Hi , U ) 

CALL  OUTPT2(ei  , AL4  , A1 , A 2 , v.l , W2  ) 

CALL  OUTPT3{ w3) 

CALL  OUT  PT  9 ( A 3 , A 6 , C 0 ( 1 )•  , C2  ( 1 ) , C6  ( 1 ) , C3  ( 1 ) , XI , Y(  l ) .02 , ..5 , F9  , 

] A 3 1 , A6 1 ) 

GO  TO  15 

3 PRINT, 'Tt.O  ELBOW  PI  PL  IH PLANE  AND  OUT  OF  PLAN  U VI  i'.  RATIONS ' 

PRINT , ' ENTER  THL  PI  Pi.  LENGTHS  ALl.AL2.AL3' 

READ, ALl, AL2.AL3 

PRINT , ' ENTER  THE  BEND  RADIUS' 

READ.R 

CALL  BA.3COA  ( BI , A1 , A 2 , Wl , ..2 , N3 , G,  P. 3,  PI  , O.T,  Rl , AL , R2) 
AL4={AL1+AL2+AL3)-R*( 4 -PI ) 

LL=ALl*AL2 
I F ( LL.  E>?.  0 ) GO  TO  21 

X4  = 6*E*fSJ*(l+AL2/ALl)/(AL2*(2*AI.l**2+3*AL3**2)  ) 

GO  TO  22 

21  X4  =0 

22  X2=( R1*A1+R2*A2) *. 25* ( ALl 4AL2+2*AL3 ) 

X 3 - ( 1 / ( 2 * P I ) * SORT { G*  X 4/ X 2 ) ) 

l;M=SOkT{  .3*  fc/Rl ) 

Gl=l/(  ( 2*PT  ) *{  AL1+AL2)  ) *E,4*  ( l/SQRTI  1 + ( R 2*A 2 ) / ( Rl  *A  1 ) ) ) 


202 


02090 
02100 
02110 
02120 
02130 
02140 
02150 
02160 
02170 
02  ISO 
02190 
02200 
02210 
02220 
02230 
02240 
02250 
02260 
02270 
02280 
02290 
02300 
02310 
02320 
02330 
02340 
02350 
02  360 
02370 
02380 
02390 
02400 
02410 
02420 
02430 
02440 
02450 
02-560 
0 247  0 
02480 
02  490 
0250  J 
02510 
02  5 20 
025  30 
02540 
02550 
0 2560 
0 2570 
02580 
02590 


-is  not  IS  BEST 

fjyja  0011  fURSSSHS)  10  ICC  — •" 


FM=.4375*{ (Rl*Al)+( .67*R2*A2) ) 

H( 1)=15.4 
H( 2)=50.0 
H ( 3 ) =104 . 0 

00  23  N = 1 , 3 

I F { AL1 . EQ.  0 ) GO  TO  24 

CG(N)=H(N  )*EM*SQRT(Rl}*SQRT(fiI,/FM)/U*PI*ALl**2) 
GO  TO  25 

24  CO(H)=0 

25  7 F( AL2 . EQ. 0 ) GO  TO  26 

C2(N  )=H(N  ) *ti'4*SQRT(  Rl)  *SQRT(  BI/FM)/(  2*PI*AL2**2) 
GO  TO  27 

26  C2(N)=0 

27  C3(N)=G1*C0{N  )/SQRT(Gl**2+C0(N )**2) 

23  C6(N  )=G1*C7.  (N  )/SQRT( G1**2+C2(N  )**2) 

G<‘I  = .25*{RlxAl+R2*A2) 

HM=1 . 5*Gi4 

OM=SQRT(G*£*BI )/( 2*PI ) 

37 ( 1 ) =22. 4 
37 ( 2 ) *61 . 7 
B7( 3)*121 
DO  28  N = l(  3 
C7(N)=0. 

IF(AL1.ME.0. )C7(N)=(ON/SQRT(GM) )*(H(N )/ALl**2) 

C8 (N ) =0. 

I F ( AL2.N  E. 0.)C8(N)=( OM/ SQRT{ GM)  } *( H(N )/AL2**2) 

DM  ( N ) * 0 . 

1 F ( AI, 3 . N E . 0 . ) DM  { N ) * ( OM/ 3QRT  { HM ) ) *B7  (S  )/(  AL3*  *2  ) 

28  CONTINUE 

DO  34  N=l,3 
DO  34  J=1 , 3 

U(N , J)=(C7(N ) *DH( J) )/SQRT(C7{N) **2+DM( J) **2) 
V(N,J)  = (C8(N) * Dr  1 ( J ) )/SQRT(C8(K) **2+DM( J)**2) 

34  CONTINUE 

IF ( AL2. EQ. 0 )GO  TO  35 

DL=( AL1/AL2) **3*AL3/( l+{ AL1/AL2 ) **3 ) 

GO  TO  36 

35  DL=0 

36  I F ( LI,.  EQ.  0 ) GO  TO  37 
EL=DL/( AL1/AL2) **3 
GO  TO  38  * 

37  EL*0 

38  LLL=AL1*A;,2*AL3 

I F ( LLL. EQ, 0 ) GO  TO  39 
F L“-  3 * E * B I * L L/  { A L 2 * * 3 * D L ) 

GL= 3 * t * B I /A  L2  # * 3 
TOAD=SQPT(  Gil) 

T 2 = 1 . 7 1 2 0 5 0 8 1 * OM/ TOA  D 
T3-T2./AL1**2 
2 f (ft. r 2**2 


i 

| ; 
j 


203 


IBIS  PASS  IS  BSST  dAltTY  FRACTICABLJj 
JBCdl  CXiTY  fUFOISHED  TO  DOC  . 


02600 
02610 
02620 
02630 
02640 
02G50 
02660 
02570 
02680 
02690 
02700 
02710 
02720 
02730 
02740 
02750 
02760 
02770 
02780 
02790 
02800 
02310 
02820 
02330 
02840 
02J50 
02860 
02870 
0 2P8O 

02900 

02°10 

0 29  70 
02930 
0.940 
02950 
02960 
02970 
02930 
02990 
03000 
03010 
03020 
03030 
0 3040 
0 3050 
03060 
0 3 070 
0 3980 
CO  9 9 0 
0 3 5 CO 


B8«1.7320508l*OM/5QRT(w6)  *SQRT(  (AL1+AL2) **3/(ALl**3*AL2**3)  ) 

GO  TO  40 

39  FL“0 
GL-=0 
T2=0 
T3  = 0 
T5=C 
B8=0 

40  DO  41  N = 1 , 3 

B9(N)=OM/SQRT(HM)  * ( 1/ ( AL1+AL2 ) ) **2*B7.(.'l ) 

41  C9(N  )=»B8*B9(N  )/SC’RT(  38 **2+139  (N  ) **2) 

PRINT, ’TWO  ELBOW  PIPE  VIBRATIONS' 

CALL  GUTPT1(E,D,T,AL,R1,R2) 

CALL  OUTP10( R, AL1 , AL2 , AL3 ) 

CALL  OUTPT2 ( BI ,AL4,Al,A2,Wl,W2) 

CALL  OUTP1 1 ( W3 , X4 , FM, GM , HM , DL, EL, GL, W6 , C0( 1 ) , C2 ( 1 ) , C3  ( 1)  , C6  ( 1)  , 
ZC7( 1 ) ,C8 ( 1 ) , X3,G1 , DM( 1) , U{ 1,1) , V { 1 , 1 ) ,38,T5,T3,B9{1) , FL,C9 ( 1 ) ) 
GO  TO  15 
15  WRIT£( 5,52) 

52  FORMAT{JlHDO  YOU  WISH  TO  CONTINUE?  Y OR  N) 

READIER 

IF(DER) 53,53,51 

53  CONTINUE 


4 * 


43 


44 


45 


46 


EN  D 

SUBROUTINE  IN PTDA ( D, T, Rl , R2, E ) 

PRINT,  'GENERA'  READ, DATA  SECTION’ 

PRINT, 'INPUT  THE  MATERIAL  CODE  OF  THE  PIPE' 


PRINT, ' 

CODE  I 

MATERIAL' 

PRINT, ‘ 

1 

TITANIUM' 

PRINT, 

2 

ALUMINUM* 

PRINT, ’ 

3 

STEEL' 

PRINT, ' 
READ,  B 

4 

OTHER’ 

GO  TQ( 42,43,44,45) ,B 

E=16b6 
Rl=. 16 
GO  TO  46 
E=10E6 
PI".  1 
GO  TO  46 
E"30t  6 
Rl*. 283 
GO  TO  46 

PRINT , * ENTER  THE  MODULUS  OF  ELASTICITY' 
R EA  D , E 

PRINT. ' ENTER  THE  PIPE  DENSITY' 

P BA  O , R 1 

PRINT, ’ INPUT  THE  SIZE  CODE  OF  THE  PIPE’ 
PR t N T , ’ CODE  * PIPE  DIM BN "I ON S ' 

PRINT,  ' 1 IX.  051' 

PRINT, ’ 2 .625X„032' 


20* 


r 


03110 

03120 

03130 

03140 

03150 

03160 

03170 

03130 

03190 

03200 

03210 

03220 

03230 

03240 

03250 

03260 

03270 

03280 

0 3290 

03300 

03310 

03320 

03330 

03340 

03350 

03360 

03370 

03380 

03390 

03400 

03410 

03420 

03430 

03440 

03450 

03460 

0 3 470 

03480 

03490 

0 35  00 

03510 

03520 

03530 

0 354  0 

03550 

03560 

03570 

0 3 580 

0 3 590 

0 3600 

03610 


IBIS  PAS E IS  BIST  QUALITY  PRACTICABLE 
laoaOOPYfUFaiSHSDTODCC 


PRINT,*  3 1.25X.Q65* 

PRINT,'  4 OTHER* 

READ,AA 

GO  TO) 56 , 47 , 48 , 49 ) ,AA 
56  D*1 
T=.051 
GO  TO  50 

47  D=. 625 
T=. 032 
GO  TO  50 

48  D*1.2S 
T= . 065 
GO  TO  50 

49  PRINT, ' ENTER  THE  PIPE  DIAMETER* 

REA  D , D 

PRINT,'  ENTER  THE  WALL  THICKNESS' 

READ.T 

50  PRINT, 'ENTER  THE  FLUID  DENSITY* 

READ, R2 

RETURN 

END 

SUBROUTINE  BASCDA  ( BI , Al , A2 , Vil , W2 , W3 , G,  R3 , PI , D,T,  R1 , AL , R2 ) 

BI = { PI/64) * ( D**4~( D-2*T } **4 ) 

A1=(PI/4)*(Q**2-(D-2*T)**2) 

A2= ( PI/4 ) *{ D-2*T) **2 

W1=R1*A] *AL 

W2“R2*A2*AL 

W3=W 1 +W2 

G=386 

R3=R1*A1+.25*R2*A2 

RETURN 

END 

SUBROUTINE  OUTPT1 ( E , D,T, AL , Ri , R2) 

WRITE) 6,100) 

100  FORMAT {/////, 1 OH IN  POT  DATA ,/ , 9X , 1HE , 1 IX, 1HD, J IX, 1HT, 11X, 1HL,10X. 

2 3HRHO, 9X , 4BFRHO,/ , 8X, 3HPSI , 10X , 2HIN , 10X, 2HIN , 10X , 2HIN , 7X » 7HLBS/IN  3 , 
26X,  7HLBS/IN3) 

WRITE' 6, 101) E,0,T,AL,R1,R2 

101  FORMAT  (2X,6E12.4) 

RETURN 

END 

SUB  ROUTINE  OUT  PT2(BI,AL4,A1,A2,W1,W2)1 

WRITE) 6,96} 

96  FORMAT)//, 10UBASIC  DATA) 

WRITE) 6, 102} 

102  FORMAT  ( 9X,.IHI,  10X , 3HCI.L.8X , 5HFAREA  ,7X,  5HFARfc.fi , 8X , 3HPWT , 9X , 3’sFwT  > 

WRITE) 6,90) 

90  FORMAT ( 8X , 31! IN  4 , 10X , 2HIN , 9X, 3HIN 2, 9X , 3HTH  2 , 9 X , 30 LBS , 9X , 3HL8S) 

WRITE) S. 101) 81 ,AL4,Al,A2,Wi,K2 
101  PORMATf 2X,6E12.4) 

RETURN 
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03620 
03630 
3640 
03650 
03660 
03670 
03680 
03690 
03700 
03710 
03720 
03730. 
03740 
03750 
03760 
03770 
03780 
03790 
03800 
03810 
03820 
03830 
03840 
03850 
03860 
03870 
03880 
03890 
03900 
03910 
03920 
03330 
03940 
0395C 
03960 
03970 
03930 
0 39  90 
04000 
0403  0 
04020 
04030 
04040 
0 4 050 
04060 
04  0?  0 
0 4 080 
04  090 
0 4 3 0 0 
04  no 
04120 
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END 

SUBROUTINE  0UTPT3{W3) 

WRITE! 6, 103) W3 

103  FORMAT ( / , 8X , 4HWTOT,/ , 8X, 3HLBS,/.2X,lEl2.4) 

RETURN 

EN  D 

SUBROUTINE  OUTPT4 ( AL, FO , F2 , F3 , F4 , F5 ) \ 

WRIT£(6,104)AL  , ’ 

104  FORMAT (// , 1 1HOUTPUT  DATA ,/, 35H IN  PLAN E AND  OUT  OF  PLANE  VIBRATIONS,  j 

2//.11HPIPE  LENGTH, 1E12. 4 , 2X, 2HIN ,/ / , { 

233H  N TRANS  FREQ! HZ ) LONG  FREQ(HZ),/) 

J = 1 j 

WRTTE(6,124)J,F0,F5,F2,F5*2,F3,F5*3,F4,F5*4 
124  FORMATi  I 2, 3X, 1E12. 4 , 3X, 1EI 2, 4 ,/ , 2H  2, 3X, lEl 2. 4 , 3X, 1E1 2. 4 ,/ , 2H  3,3X,  ! 

Z1E12.4,3X,1E12.4,/,2H  4 , 3X, 1E1 2 . 4 , 3X , 1E1 2 . 4 ) , 

RETURN 
END 

SUBROUTINE  OUTPT5  (TO , R,  Pi , P2,Q1 , Q2,  WO , Cl , S , M) 

WRITE ( 6,106) 

106  FORMAT { /, 7X, 5HTHETA,9X, 1HR,10X, 2HP1, 1 OX, 2HP2, 10X, 2KQ1, 10X, 2HQ2J  j 

WRITE! 6,91) 

91  FORMAT! 8X, 3HDEG, 10X, 2(1  IN , 9X , 3HPS 1 , 9X , 3HPSI , 9X , 3HCIS , 9X, 3HCI S ) 

WRITE! 6,92)T0,R,P1, P2,Q1,Q2 

92  FORMAT!  2X,6E.l2. 4,/) 

WRITE! 6,93) 

93  FORMAT (8X,2HW0,10X,3HCEE,9X,2HSK,11X,1HM) 

WRI Tb( 6 , 94 ) 5 

94  FORMAT ( 8X, 3HRPM.9X, 2HIN ,9X, SHLB/ IN) 

WRITE! 6,95)WU,C1,S,M 

95  FORMAT! 2X,4E12. 4)  \ 

RETURN  J 

EN  D • 

SUBROUTINE  OUTPT6 ( W3 , C3 , F7 , Q8 , F8 , W9 , F6 , Q9 , Y9 , A9 , PI ) i 

DIMENSION  C3( 1)  J 

BAS  E“C  3( l)/( 2 *PI ) ) 

BALL *W9/( 2*FI ) 

WRITE! 6, 97) 

97  FORMAT!/,  8X,  4KWTOT,  8X,  2H>-  T , 10X  , 2HFQ,  1 OX , 2HFH , 9X , 4HFVEL . 9X  . 2HWK) 

WRITE! 6,107)  S 

107  FORMAT!  3X , 3BLBS , 9X , 2HHZ  , 1 OX , 2HHZ  , 10X , 2BHZ  , 1 OX , 2HIIZ  , 1 OX , 2HHZ  ) 

WRITEI6,98)W3, BASE, F7,Q8,F8, BALL 

98  FORMAT! 2X, 6E1 2. 4 ) 

WRITE! 6, 99) 

99  FORMAT ( / , 8X , 2HF P, 1 OX , 2HFV, 1 OX , 3HYST, 9X, 2HA0 ) i 

WRITE! 6,64)  | 

64  FORMAT ! 8X , 3H LBS , 9X , 3HLBS, 9X , 2HIN ) • 3 

WRI TK( 6,65) F6,09, Y9,A9  ; 

6 5 FORMAT ( 2 X, 4 El  2, 4)  ' ) 

RETURN  ' 1 ] 

■>  } 

SVSWurmE  OyTPT7(CO,C2,C6,C3,PI,Ml)  1 
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04.1  30  DIMENSION  C0(  1)  , C2(  1)  , C6  ( 1 ) , C3(  1) 

04140  WRITE(6,108) 

04150  108  FORMAT! // , IlHOUTPl'T  DATA) 

04160  WRITE!  6,66) 

04170  66  FOR* SAT ( 2X,5HX(IN) , 7X, 4HSUMF, 5X, SHY ( IN  ) , 5X, IrfN , 5X, 8HF(N ) (HZ) ) 

04180  DO  125  J=1 ,N  1 

04190  WRITE f 6, 109 )C0 ( J ) , C2 ( J) , C6(J),J,C3(J)/( 2*PI ) 

04200  109  FOEMAT(F8.4, 2X.F9.4, 2X,  P8. 4 , 3X, 1 2, IX, FI 1. 4 ) 

04210  125  CONTINUE 

04220  L=M 1+1 

04230  DO  105  J=L,10 

04240  WRITE ( 6,1101 J,C3(J)/( 2*PI) 

04250  110  FORMAT! 32X.I2, 1X,F11.4) 

04260  105  CONTINUE  . 

34270  wRI Tfc( 6,71) 

04230  71  FORMAT!////) 

04290  RETURN 

04300  END 

04310  SUBROUTINE  OUTFIT ( AL2 , AL1 , HI , R) 

34320  WRITE ( 6,111)AL2,AL1,H1,R 

04330  111  FORMAT! /9X , 2HL2, 10X , 2HL1, 7X, 7HAL2/AL1 , 8X , 1HR,/ , 9X , 2HIN , 10X , 2H IN , 

04340  Z22X,2HTN,/,2X,4E12.4) 

04350  RETURN 

C 4 160  SnD 

04370  SUBROUTINE  OUTPT9 ( A3 ,A6 , CO , C2, C6 , C3 , TO , Y, 02, W5 , F9 ,A31 ,A61 ) 

04380  DIMENSION  C0( 3 ) , Y( 50) ,C2( 3 ) ,C6( 3) ,C3, 3) 

04390  J=1 

04400  WRITE! 6,112) 

04410  112  FORMAT!//, 11UOUTPUT  DATA ,/, 18HIN PLANE  VIBRATIONS,/) 

04420  WRITE! 6,129) 

04  I 30  129  FORIjAT!  9X,6HL1:AXF,5X,6HL2:AXF,5X,  lt!J  ,2X,7HL1:B(J)  , 5X,  7HL2 : 6{  J)  , 5X, 

04440  $7HLl:F(J) , 5X , 7UL2 : F( J ) ) 

04456  WRITE! 6,130) 

04  4 60  130  FORMAT!  1 IX,  2.'ii)Z  , 1 OX , 2H1IZ  , 11X , 2HHZ  , 10X , 2H  IZ  , 10X , 2IUIZ  , 10X,  2HHZ ) 

04470  WRITE(6,131)A3,A6,J,C0(1) ,C2( 1) ,C6(1) ,C9(1) 

04480  131  FORMAT! 4H  1 . 0 , 2E1 2. 4 , 3X , 1 1 , El  0. 4 , 3E1 2 . i , 

04190  J=2 

04:00  WRITE! 6, 200)A31,A61,J,C0( 2) ,C2( 2) ,C6( 2) »C3{ 2) 

04510  2C0  FORMAT! 4H  , 33 , 2E 1 2. 4 , 3X , 1 1 , E10. 4 , 3fc 1 2, 4 ) 

04520  L=  3 

04  5 30  WRITE.  ( 6, 1 13)L  ,CO(L)  , C2  ( L)  ,C6(L)  ,C3(L) 

04540  113  FORMAT! 31X,I1,E10.4,3E12.4) 

04550  WRITE! 6, 11 4) 

04560  114  FORMAT!//, 23UOUT  OF  PLANE  VIBRATIONS,/) 

04570  wRITE! 6,68) 

0 4 580  68  FORMAT!  7X  , 5HTHKTA , 7Xf  5HALPHA,  3X,  DHNCF,  8X , 5HSPEED,  7X,  4HFP.EQ) 

04590  WRITE! 6, 65) 

0 1*  Of)  69  FORMAT!  8>; , 3UDSG,  1 9 X , 7 H !?A  D/S  EC  , 7X,  3HRPN  , 9X,  2BHZ  ) 

04610  WRITE!  6 , 70) TO,  Y!  50)  ,v)5,02,F9 

•046?0  70  FORM AT ! 2 X , 5 E 12.4) 

04430  WRI  Tc.{  6 , 72 ) 
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04640 
04650 
04660 
046^0 
04680 
04690 
04700 
04710 
04720 
04720 
04740 
047  60 
04760 
04770 
0 47  SO 
04790 
04800 
04810 
04020 
O4830 
04340 
04350 
04860 
04370 
04880 
04390 
04900 
0491  0 
04920 
04930 
04940 
04950 
049  60 
04970 
04980 
0 49  90 
05000 
05010 
05020 
0 5 u 5 0 

05049 

05050 
C 5060 
06070 
05030 
0 5090 
05i 

0 51  10 
0 5,1  20 
0 51.  90 
0 5 I 4 0 


72  FORMAT!////) 

RETURN 

END 

SUil  ROUTINE  OUTPlO(R,ALl,AL2,  AL3) 

W^7T'.(6,115)R,ALl,AL2,AL3 

115  F GRMA1 </, 9X, IrfR, 10X,  2HL1 , 10X , 2HL2,  10X , 2HL3,/  , 8X , 2HIW  , 10X,  2I1IN  , 
Z10X, 2H1N , 10X, 2HIN  ,/  , 2X, 4b 12. 4) 

RETURN 

END 

SUBROUTINE  OUTPl 1 ( «3 , X4 , FM ,GM , HM , DE, EL, GL , *6 , CO , C2 , C2 , C6 , C7 , C8 , X3 , 
ZG1 , Del  ,U,V,88,T5,T3,P9,FL,C9) 

DIMENSION  CO ( 1 ) ,C2( 1) ,C3( 1) ,C6( 1) ,C7( 1) ,C8(1) ,DM( 3) ,U( 3,3) ,V( 3,3) 
DIMENSION  39(1) , C9 ( 1 ) 
wRJTfc(6, 116) 

116  FORMAT :/8X,  4HWTOT,8X,  3HXTK , 9X  , 4UMUCP , 8X  , 4HMUCF,  8X , 4HMUFF,  8X , 3HL3A ) 
WRITE! 6,132) 

132  FORMAT ( 8X, 3U LBS, 8X,5HEB/ IN . 7X , 5H Ed/ IN , 7X , 5HL3/IN , 7X , 5HL3/IN , 8X , 
$2HIN ) 

WRIT t(  6 , 58 ) a3 , X4 , FM , GH , HM , DL 

58  FORMAT C2X, 6t 1 2 . 4 ) 

WRITE! 6,59) 

59  FORMAT (/,&X,3IIL3B,tA,3BElK,9X,3HL2i\,9X,‘lHr,3E»() 

WRITE! 6,60) 

60  FORMAT { 8X,2HXN, 10X, 2 MIN ,9X, 5HL3/IN ,8X, 3HL83) 

WRIT'c.(  6,61)  EL,  FL, GL,  W6 

61  FORMAT ( 2 X , 4N 1 2 . 4 ) 

WRITE! 5,621 

62  FORMAT  ( //  , 1 i GOUT  PUT  DATA  ,/,  1 8f!  IN  PLAN  t VI  3RATIONS,/) 

WRITE! 6, 119)X3,G1 , DM! 1 ) ,DM{ 2) , DM ! 3) 

119  FORMAT!  7X  s 6HXTFP.EQ,  6X , 6HAXFREQ,  4X , 9HL3  : FFF(  1 ) , 3X,9HL3:FFF(  2)  , 3X, 
Z9HL3:  FFF{  3)  ,/,9X,  2Hii2 , 1 OX , 2HHZ  , 10X , 2H.IZ  , 10X  , 2‘G)Z  , 10X  , 2HUZ  ,/  , 2X, 
Z5E12.4) 

WRITE! 6,117) 

117  FORMAT (/IX, 1HJ , 4X , 9HL1 : CPF ( J ) , 3X, 9HL2 : C PF( J ) , 3X , 9HL 1 : CPA ( J ) , 3X , 
Z9HL2;  CPA!  J)  ,3X,9HLl:CFF(J),3X,9tiL2:CFF(.J)  ,/ , 9X  , 2HHZ  , 10X  , 2Ht!Z  , 10X  , 
Z2HHZ  , 10X,  2!5!iZ  , 10X , 2H HZ  , 1 OX , 2HHZ ) 

DO  12  7 J = 1 , 3 

WRITE! 6, 119) J, C0{ J) ,C2( J) ,C3( J) ,C6( J) ,C7( J) ,C&{ J) 

118  FORMAT! I 2, 6L1 2. 4) 

127  CONTINUE 

WRITE! 6 , 120) 

120  FORM  AT ! / , 1 X , lri  J , 1 X , 1 4HI.1 : 1.3FREQ!  1 , J ) , 2X , 1 4HL 1 : L3FREQ!  2 , J ) , 2X, 

$1  4 H Lis  1, 3 FREQ!  3,  J)  , 2X,14HL2:  L3FREQ!  1 , J)  , 2X, 

$1 4UL2 : L3F REQ{ 2, j ) , 2X, 14HL2: E3FREO! 3, J) ) 

WRITE? 6, 63) 

63  FORMAT!  9X  , 2HHZ  , 14X,  2HHZ  , 14X,  2HHZ  , 14X,  2HHZ  , 14X,  28riZ  , 14X,  ->HRZ  ) 

DO  128  J-1,.3 

WRITE!  6,  121)3,  U(  1,-7)  , U(  3 ,J ) , U(  3 , J ) , V{  1 , J ) , V(  2 , J ) , V(  3 , J) 

1 21  FORMAT { IX,  I 1 , J X,  1 El  2.  4 , C-E 16. 4) 

183  CONTINUE 

WRITE! 6, 122)83, T3.T5 
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051 SU  122  FORM A'l' ( // , 2 3000  i'  OF  RLAi<b  VI  JKAT IGrto , // , 7X , 5liL3:  OF,  7X , 5HL1 : TF  , 7X, 
05160  25HL2:TF,/,8X,2:i.U,lGX,2!!IIZ,10X,2il02,/,2X,3bl2.4,//,lX,lHJ,4X, 

05170  Z7H3f»or(  J)  ,4:<,‘)HLl:0?A(  J)  , 3X,  StiL2:  CPA  ( J ) ,2X,  10UL1 : L20F(  J ) ) 

05180  00  67  J=l,3 

05170  ,'.KlXt(6,123)J,C9(J)  ,C3(  J)  ,CA(.J)  ,I19( J) 

05200  123  FOKtiAT(  lX#Il,4tl2.4) 

05210  67  COnTI iM (JL 

05220  ,«t{irt(6,30) 

05230  30  FORMAT!////) 

0 5240  KtTUK.l 

05250  bOO 

V.i{  l 
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COMPUTER  PROCRAM 
PRINT  OUT 


TABLE  B2 
LIST  CF  SYMBOLS 

DESCRIPTIONS 


UNITS 


E 

Pipe  Modulus  of  Elasticity 

LB/IN.2 

RHO 

Pipe  Density 

LB/TN.3 

FRHO 

• 

Fluid  Density 

LF-/IN . 3 

D 

Pipe  Outside  Diameter 

IN. 

T 

Pipe  Wall  Thickness 

IN. 

N 

Mode  Number 

THETA 

Bend  Angle 

DEG. 

Ll*  L2 

L2 

Length  of  pipe  segments 

IN. 

L 

Total  pipe  length,  Lr  4- 

IN. 

I 

Second  Moment  of  Inertia 

IN.4 

PAREA 

Pipe  Cross-sectional  area 

IN.2 

FASEA 

Flew  Area 

IN.2 

PVT 

Pipe  Weight 

LB. 

i»«r 

Fluid  Weight 

LB. 

VI OT 

Total  Weight,  pipe  + fluid 

IS. 

ALPHA 

Frequency  Factor 

NCF 

Natural  Circular  Frequency 

RAD/ SEC 

FREQ 

Natu: »1  Frequency 

HZ 

SPFED 

Pump  Speed 

RFH 

X 

Bend  Radius 

IN. 

az 

Centerline  length 

IN. 

U:AXF, 

L2 :AXF 

Axial  frequency,  leg  1 and  leg  2, 
respectively 

HZ 

L2:3(I) 

„L2 ;S(T) 

■Bending  frequency,  fixed-rir.ned,  mode(I), 
leg  1 and  leg  2,  respect i/ely 

HZ 

U.T{Zt 

,L2:F(I) 

Coupled  filial-bending  frequency,  mode(I), 
leg  1 and  leg  2,  respectively 

HZ 

C 

Acceleration  of  gravity 

IN/SEC.2 

XTK 

Translational  spring  rate 

lb/in. 

MUC? 

Weight  per  unit  length,  fiyed-pinned  end 
conditions 

LB /IN. 

KUCr 

Weight  per  unit  length,  fixed-free 

LB/IN. 

NUTF 

Weight  per  unit  length,  fixed-fixed 

LB/ IN, 

t 

5 


■ 
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COMPUTER  PROGRAM 

PRINT  OUT  DESCRIPTION  UNITS 

L3A,  L3B  Torsional  moment  arms  IN. 

L1K,  L2K  Torsional  spring  rate  LB/IN. 

L3EW  Crosspipe  effective  weight  LB. 

XII REQ  Translational  frequency  HZ 

AXFREQ  Axial  frequency  HZ 

L1:CPF(I) ,L2:CPF(I)  Bending  frequency,  f ixed-pinned . mode  (I),  HZ 
leg  1 and  leg  2,  respectively 

L1:CPA(I) ,L2:CPA(I)  Coupled  axial-bending  frequency,  mode(I) , ”Z 
leg  1 and  leg  2,  respectively 

’-IsCFFCI) ,L2:CFF(I)  Bending  frequency,  fixed-fee,  mode  (I),  HZ 

leg  1 and  leg  2,  respectively 

L3;FFF(J)  Bending  frequency,  fixed-fixed ,.  mode  (J) , HZ 

leg  3 

L1:L3FREQ(I, J)  Coupled  frequency,  leg  1 and  leg  3 HZ 

L2:L3FREQ(I, J)  Coupled  frequency,  leg  2 and  leg  3 HZ 

L1:TF,L2:TF  Torsional  frequency  HZ 

L3:BF  Bending  frequency,  leg  3 as  a concentrated  HZ 

weight 

L1:L2BF(J)  Tending  frequency,  leg  1 and  leg  2 as  dis-  HZ 

tributed  weights 

BNDF(J)  Coupled  frequency,  leg  3 with  legs  1 and  2 HZ 
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STRAIGHT  PIPE  COMPUTER  RUN 


TABLE  B3 


INPUT  DATA 

L 

D 

T 

L 

Pal'J 

Pol 

IN 

I.i 

IO 

LLw)/  1 1 . 3 

LaU/1,,3 

.16001+03 

. 1 OOOl+OI 

. 6 IOOl-'JI 

. 5121)1.  + 32 

• 1 6 u U c. + 0 0 

, 314  U L - !!  1 

BASIC  DATA 

I 

CLL 

PAM.  A 

r ..  2 

l %*1 

la  4 

In 

IK  2 

J . 2 

LO.vj 

Lj  Lv  O 

.1717u-01 

.5  3201.+,;  2 

. 152-1 1., + 0 0 

, . !>  a 3 3 l+'J  ./ 

. lLOIb+Oi 

t.TG  i 
Li?U 

. 2 3 5 2 ;„  + 0 1 


OUTPUT  OA 

INPLAil..  AN  I)  Oo’i  OK  PLAij  c,  71  :i  PA  f T 0-.. 

PI  PL  LbNGTH  . 5320U+02  In  | 

U TPA.«S  Pi\u2(  ilZ ) LO.'i  G FKl;(  •>; ) ■*. 

1 . 7 !>  7 7 P + ( i 2 . 1370L+UI 

2 . 2037h  + 03  . 2730l.+  M 

3 . 4 ;;9  3t  + 0 3 . 41 09b* 01  1 

4 .676 Si, + 33  . 3479b* 0 4 


f 

i 
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MAGNIFICATION  FACTORS 


Sis  MSI  IS  BEST 
fao»  dopy  ruftaisH®  k>  w 


TABLE  B3  (CONTINUED) 


l :pjt  tata 

0 

Pal 

. 1 601)1.  + 0 b 

r\ 

IN 

•IOOOl+OI 

l 

▲ 

IN 

. 5100L-01 

L 

IN 

.53201+02 

KiiO 

LSit/Ii-i  3 
. 1600L+00 

r'RHO 
LHL/Ili  3 
. 31 40t-01 

iVLTA 

Tl.,- 

.A0u0L+02 

It 

III 

. 3000E+01 

PI 

PL  1 

. 3000L+04 

P2 

PL  I 

0. 

01 

CI  6 

.7700E+01 

02 

CI  a 

0. 

v»0 

HPi 

. 16l)flt  +0  4 

CbE 

In 

. 2660;.+02 

oK 

LR/IM 
.12«J0L-r0  4 

tl 

0. 

.T a.  to  r.ivn 

3 

1. 14 

.1717;.-C1 

GLL 

IN 

. 53  20l+02 

P \ K t.  \ 

IN  2 

.1520t+00 

A.-lt.A 

In  2 

. 6333L+00 

PuT 

L,3a 

. 1 29  4 1+01 

K.,T 

LB  a 

. 105ciL+0  1 

L ij 

• 2 15  2i,  + 01 

ri  F 

it” 

.,  271  it,+02 

r'O. 

HZ 

0. 

F;i 

HZ 

. 1000L+04 

fVtL 

.IF. 

. 1 216^+02 

wK 

uz- 

0. 

TO 

L.J.i 

• loom. +04 

kV 

L:N, 

. ISC Gl f 04 

YbT  ' 

] N 

.1069^+02 

A0 

• 0 fi  3 1 h + 0 1 

alDF 

N 

1 (r!  ) (HZ 

0.0000 

0.0000 

1 

.27.1772 

.4525 
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ONE  ELBOW  PIPE  COMPUTER  RUN 
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TWO  ELBOW  PIPE  COMPUTER  RUN 

TABLE  BS 
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APPENDIX  C 


DERIVATION  OF  EQUATIONS 

HYDRAULIC  LINE  MECHANICAL  RESPONSE  COMPUTER  PROGRAM 


Cl.  ONE-ELBOP  PIPE,  OUT-OF-PLANE,  VI3RATIONS 

Analysis  determines  the  fundamental  out-of-plane  frequency  of  a one- 
elbcv  pipe  with  ends  fixed.  A force,  F,  is  applied  at  the  elbow  normal  to 
the  plane  defined  by  the  centerlines  of  the  pipes.  The  force  then  causes  a 
downward  deflection  of  the  elbow.  A free-body  diagram  in  Figure  C-l  show* 
that  a single  bend  pipe  can  be  split  into  two  cantilever  pipes  with  the 
appropriate  forces  and  cancelling  moments.  These  are  depicted  for  leg  1 
and  the  reverse  would  be  applicable  to  leg  2 by  use  of  different  subscripts. 
There  are  three  conditions  to  be  considered: 


o 


o 


o 


torsional  rotation  due  to  a moment 

e , Jk 
&T  GJ 

where  9^is  the  angle  of  rotation,  radians 
T is  the  torsional  moment,  in  - lbs 
L is  the  pipe  length  under  torsion,  in. 

GJ  is  the  pipe  torsional  rigidity,  lb-in* 
rotations  due  to  a force  and  due  to  a moment  applied  at  the 
free  end 

esfkl 

P Itl 

© * 

* El 


(C-l) 


(C-2) 


(C-3) 


where  M is  the  bending  moment,  in-lbs 

deflections  due  to  a force  and  due  to  a moment  applied  at  the 
free  end 

(C-4) 


6 .it 

t 3£1 
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Ml?* 


III 


C-5 


where  $ is  Che  deflection,  inches. 

For  compatibility  of  end  rotations,  the  general  relationship  for  the 
pipe  legs  defined  by  lengths  and  L2  is 

eT+eM»8p  c-6 

Consequently  the  expressions  for  each  leg  is  obtained  by  substituting 
equations  C-l  thru  C-3  with  appropriate  subscripts. 


For  leg  1, 
For  leg  2, 


M,LX  MiU  _ Rtf 


<*  J 


£it  zei. 


GJ,  + Elfc  " Zilx 

Solving  equations  C-7  and  C-8  for  and  M2,  respectively. 


I 


C-7 


C-8 


C-9 


m,= Mi  r ! 

1 1 U&whui J 


C-JO 


For  cov  ratibility  of  end  deflections,  the  net  deflection  for  leg  1 


must  equal  that  for  leg  2. 
Thus, 


M- 


51? 

3U, 


- fkk  _ 

**T. 


M,tf 

in, 

X 

J 

ZEI*. 


C-ll 


C-12 


Considering  that  there  is  no  change  in  physical  characteristics  from 
one  leg  to  another,  the  second  moment  of  inertia  for  both  legs  are  the  same, 
and  the  polar  inertia  for  a circular  cross-section  pipe  is  twice  that  of  the 
second  moment  of  inertia.  By  substituting  equations  C-9  and  C-10  into  C~ll 
and  C-12  respectively,  the  expression  for  the  deflections  are 

3 

1 


ZGt  W) 


zzi 


C-13 


3EI  L H- 


Solving  equations  C-13  and  C-14  for  the  components  of  chn  applied 
force  resvlts  in 


C-14 


1 ' 1 <*&(%)  J 

^{■masEzr} 

1 lL  •+&<&> J; 

Noting  that  the  applied  force  is  defined  as 

P = F|4Ft 

The  deflection  due  to  the  applied  force  can  be  written  as 

6. \ 


3EI 


3E1 


C-15 


C-16 


C-17 


C-18 


>r. 1 lU« — 

L1  lL  Kfa^)J 


C-19 


A simplification  is  made  by  setting  the  ratio  of  leg  lengths  to  be  unity 
which  means  that  each  leg  length  is  equal  to  half  of  the  total  pipe  centerline 
length.  In  addition,  by  assuming  the  bending  rigidity  to  be  approximately 
equal  to  the  torsional  rigidity,  equation  C-18  reduces  to 

S_  \ _JF 

F-  ~ 4.  —ISI ' 514  i 

(¥('•¥) 

It  is  interesting  to  note  that  Reference  (c)  indicates  that  the  maximum 
deflection  of  a pinned-pinned  beam  with  uniform  weight  distribution  is 
identical  to  equation  C-19. 

The  spring  rate  of  the  single  bend  pipe  is  defined  by  the  inverse  of 
equation  C-19  or 

u_3S*/EI\ 

5 UV 

The  natural  frequency  of  a system  is  given  by: 


C-20 


f 


i [H 

5 V Yk 


C~21 
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where  K is  the  spring  rate,  lb/in. 

g is  the  acceleration  of  gravity,  386  in/sec^ 

We  is  the  effective  weight,  lbs. 
f is  the  natural  frequency,  Hz. 

The  next  step  is  to  determine  the  effective  weight  of  a one-elbow  pipe. 
It  would  be  reasonable  to  assume  that  the  effective  weight  is  the  average  of 
the  effective  weights  of  a cantilever  pipe  (Wec)  and  that  of  a pipe  with 
fixed  ends  (We£>. 

To  determine  these  effective  weights  the  expressions  for  the  respective 
deflection  for  the  cantilever  beam  is  given  as  a quarter  sine  wave 


where  yQ  is  the  maximum  deflection 

x is  the  distance  measured  along  the  beam  from  the  fixed  end 
L is  the  length  of  the  cantilever  beam. 

The  effective  weight  is  obtaiued  by  evaluating  the  following  integral 

Applied  to  the  cantilever  beam  results  in 

Wee  * ' i’Cos  ^ 

L */o 

- ^ r x - ~ + — + .t  sfrt Eil 

■ Li  V * ZT!  I Jo 

S o.nW  c_?4 

Similarly,  Reference  Cl  defines  the  deflection  of  a fixed-fixed  beam 
as  » cosine  wave 


and  the  effective  weight  is  determined  by  substituting  equation  C-25  into 
C-23. 


_ _l 

- ^ Fy  _ Sf*  Lil  x * * + Jt_  S»*iiix I 
All  TT  L 1 8\i  *-  J, 


4>L  L 2 j ft 


C-26 


Consequently  the  effective  weight  for  the  one-elbow  pipe  with  equal 
length  legs  is 


WL 


- Wfec*  WeP  _ CU3  W+O-VtsrW  _ w 


C-27 


substituting  equations C-20  and  C-27  intoC-21  , the  fundamental  natural 
frequency  is 


C-28 


angle) „ 

and  the  remaining  parameters  are  identical  to  those  used  in 
beam  theory. 
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To  define  the  fundamental  frequent*  variation  as  a function  of  the  bend 
angle,  the  special  case  of  equal  teg  lengths  provides  the  lower  boundary  of 
the  frequency  factors  and  in  turn  similarly  affect  the  natural  frequency. 
Thus  for  the  case  of  a zero  bend  angle,  shown  in  Figure  C-2,  the  natural 
frequency  is  obtained  from  Reference  Cl.  for  a dual  cantilever  pipe. 

f-HllmS  = c-29 

* Vw(if  zisyw/ 

where  the  frequency  factor  o ■ 14.  1 (zero-deg  bend  angle). 
Similarly,  for  a 180-deg  bend  angle  (a  straight  pipe  with  fixed  ends) 
the  frequency  factor  of  22.4  is  obtained  directly  from  Reference  Cl. 

The  upper  frequency  factor  boundary  is  defined  by  having  the  ratio  of 
■ 0 which  means  again  a straight  pipe  with  a 22.4  frequency  factor. 
Thus  with  the  limits  established  the  intermediate  values  can  be  estimated. 

The  results  are  summarized  in  Figure  C-3.  The  computer  program  based 
on  the  above  analysis  is  shown  in  Appendix  B. 
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FIGURE  m-3  FUNDAMENTAL  OUT-OF-PLANE  FREQUENCY  PSPE 


Sv  n Description  Units 

f Frequency  Hz 

E Modulus  of  elasticity  psi^ 

I Second  inertia  in. 

W Weight,  pipe  + fluid  lb 

L Lj  + L2  in. 


orr» ^m-n 


WITH  A BEND 


C2.  TWO-ELBOW  PIPE  VIBRATIONS 

Ca.  Torsional  Mode  _ This  mode  is  an  out-of-plane  rocking  motion  of  the 
crosspipe.  Figure  C-4,  caused  by  the  bending  of  the  other  two  legs.  Thus, 

the  deflections  S,  and  5,  are  defined  as  „ 

I i ZL 


Ib- 

3E1 


C-30 


The  corresponding  spring  rates  for  each  leg  are  as  follows 


3 E I 
«-? 


LiK- 


3E1 


C 31.C-32 


considering  the  effective  weight  to  be 


MUCF  = 0.23*  ^RHO  * PARE  A + FRHO  * FAREA 


1 


C-33 
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FIGURE  C-4.  HYDRAULIC  LINE  MECHANICAL  RESPONSE 
TWO-ELBOW  PIPE .TOR CTQN  MODE 


The  natural  frequencies  due  to  torsional  mode  are 

I 


* I T*--!-  /3g6»HK 
t''TK"2uV  Mel  CF 


L2.TK  = 


I /386*L2K 


2n 


MUCF 


C-34 


C-35 


Cb.  Crosspipe  Translation  - This  mode  Is  an  inplane  motion  of  the  crosspipe 
as  depicted  in  Figure  c-5.  Neglecting  deformations  due  to  tension  and 
compression  in  the  members,  and  considering  only  bending,  section  AB 
is  bent  by  two  moments  of  equal  magnitude  but  in  opposite  direction. 
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PICt'&E  C-5.  HY:>J  •'  1:;  LINE  *{f  'HAN  TCAf.  RESPONSE 

fW-.  M.KC-W  CROSSMPf.  fKANSJ  Af  !S>K 

These  moments  are  defined  as 


V L 

you  i 


5_L  1 

I + Vl, 


r:  ; 


C-3 


which  -«'.se  rotation  angles  ) ■■■: . ■•  ■>  h,  Tfcr«-'  rorat  lo«  angles 

art  determined,  f mm  Pc-ferenca  > ■ n/  the  ..f  f'.n,  to  be 

f.j  i and  opposite  and  of  the  fora 


O'. 


C-’.'1 


V“T 


The  total  deflection,^,  is  composec  of  the  deflection  due  to  bending  of 
legs  Lp  and  L^,  and  the  deflection  due  to  rotation  at  joints  A and  B. 
Thus, 

r V„L?  . ,,  _ FLit'ttf+3L\) 

o e — - 4-  c<  L c. 

3EI  ' feElO-tU/L,) 

The  corresponding  spring  rate  is  given  by 


F 6Ei(i+Lj/l,) 

*TK  = — = ft- 

S LZ(2L*  + SL|) 


For  the  special  case  of  equal  leg  lengths,  L * c » L^,  the  spring 


rate  becomes 


XTK  = 


\ZEI 

SL3 


Considering  the  effective  weight  of  the  system  to  be  defined  by 


XTWE  * 0.25*  (RHO*PAR£A+FRHO*FAREA)*(L1+L2  + 2 * Lj) 


The  natural  frequency  is  determined  by  substituting  C-40  or  C-41  , and  C-42 


XTFRMQr 


<_  33  k » XI K 

n J XT  WE 
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SUBROUTINE  PUNP51  <D»DT,CD»L> 

• REVISED  MARCH  25#  1976  **** 

X VERSION  OF  THE  YPUHPS*  SUBROUTINE  7 APR  76 
COMMON  NTELPL#NT!3LPUIPT»IPCIINT»  N? T5» I NEL »KNEl #NT3Pl» NIPIT (61 #3 l » 
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0CMCCP)»Dt  PACCP»/«D{DI!;AM}*3i530t**2> 
OtPDISAO-fOfPOISAC  J-DIf'ZRPIH/Of  01  SAM) 
?!«>«0!PWN)-0fPSUPN>*3600.t 


ru 


'Slaves  j,me  IfE ady  AT^SkARCTEPISVTCS 


1260 

1270 


lt CPKP«#*0* r>Kfc‘ 

OTigUiKa!*$i.’UO 

THtS  $€CTi;?>«  CAUotAitl  . _ . . . 

CF  tKE  run?  OUTPUT  PRESSURE  VERSUS  FLOW, 
COElKA*OTCCOHAJ.n  /Of  COE  AIM) 

OT ( ? OUTL T I « 0 CO? V 3 4 i *2 . 0 
nt  ta/.rif:  j,f)T  j 3 4 *1111 


. i u > 


i?S?RI7)fOTfO|SACT>*0(PSPR !M)*DT(P 
l^r0?P#*CP)«0T{Pi<PH»**2*0(f'0ISACi) 
► Of  PSIRPT )*DTf  PRPH ) )*DT ( BUIKO)  / OT ( 


CASC ) 
(PQUTLT) 


lOEPLK) 


DTtQAC f 

DT I P AC  TU 3 »D  C PS 
♦OTfOIS&C?) 

♦ f Of P2SPM5  AOf  PSIRPi )*0Tf  PRPH ) >*0T f BUIKO) /0 

IFilENTR.EOftOIREniaM 
DT(9«€ TUl*CullKA*OT ( PACTU) 

OTfOISAC1}*0(!)SS4M| 

C0ELKi«5ttC0EA(.Z)/(2«l40T(0ISACT} ) 

IFIOT(QACTC)<>60*04)60  TO  1260 
07 { PpuTH ) «DT{PQU?tT ) 

DT<OIK!,ET)’>Ofi)iS?)#OT(PPPK)*OfDISAM)”DT  (POUTM)  PD  ( 

1 -OTIQACTU) 

OTfOOUR  n*-(0CC0EPLK)>*DTfP!3UTm~DT{CACTC> 

DT{ DEL P23 ) *-0T ( OQUTL T) /( OT f 0 INLET) -DT ( OOUTIT > ) 
DTCOISVUI-.S 

DT  ( D t:LP?.  3 5 * iQj 

GAIN®, 7/fl. ♦20.P9T{COEV1)PO( INPPS I ) ♦?  f L ?2  ) ) I 

omryp)*SATs 
OTCMltU?)*i.-GAIN 
RETURN 

k 

I STEADY  STATE  CALCULATION  SECTION 

; IND-COMPOMENT  #»KNEL*CQNNECTION  I.  . 

f CON  * 1 » I f i L F T » C 0 H #2»0UTlt ? »CON  i3»CAS£ 

] THE  INLET  IS  A NODAL  POINT  IN  THE  STStFM 

k 

1500  IE (KNEL~?)15I5*t530»1520 

1510  !i'reraLEG<iNEi'11' 

1520  lF(INX.NE.l)  GO  TO  1700 

0CAS0R*P01EG( !NEL»l)*P0LE5flNEL»2) 

d?(5)*ocas5r 

0* CUK*DT<0 1 SVlV)*f  OTf  OACTC) -DT( OACTM)  HDT(OACTU) 

ni*9(CJcPLK)A3ACTLK-0C ASOR )/5«C0£CIN) 
tf*EL#5)ADTfDELPi3)+QCAS0R/0fC0EC!N)' 
nicU6)+i*cn(coEci?u 

- ( Ui  F:  l » ll)+QTfDELP13) 

p i 1 5 

I<i<U91*&Tte}EC4S) 

iflNEL»ll)”OTCCD£CAS)PfOCASOR*P2) 


G # 

AIN 


1530 


DT  URL  PI 

3 i * ton  FOOT 

POLES?!;-: 

H»? i»poi  -:v 

PSUS?  I,i 

Ltffi  )-«*PSl.  EG 

LCSf  IMff. 

c 7 3 » 5 

PS? LEO?  IN 

::t#  13  3 -POLE 

DTfPCASC 

r- 

P-HS&f is 

► $ L 1 m p ■) | £-  ■ 

pat  eg i 

L » 1 1 ) » P v i j.' 

GO  fO  ! - 

' ;V 

i?UHur 

. 5 I 3 GO  TO 

D •" 

V ) •*  ? cit  p ■;  ■;  r »< 

0 ? f t S * L 

*V  ? « ” 1'  ? ; 

IFfDTf&l 

svLvuit;?;' 

IF < DTf DT 

S¥L  ■/>,«!.  1, 

POL £3!  r; 

i-Lt- ')»’•?  Of  EG 

POLEGf r: 

: L * ft  i a p v ; L P. 

PC LEG! XU 

‘it*  U! 

DT  f POUTL 

T 1 »PvaL  6G  f 1 

17S6 

f ) r • 

v5 /Tore 
o)  omvsvi 

LU  DH&rPU 
? IN-EL,'*  5 ) ■»- 1; , 
\ URUbJ  ir». 
•*  I i W £ i * ' 

£ L s 2 1 ) 


t V ■: 

X % i 


Eli?)  “OT  { QGUTlT) 
f )"0T! 30UTIT ) ) 
y } ■ fj  s 0 

•»*  5 S-  ,!  „ c 

pOi.'i  ?n»DTt  DEIP13) 

A •*! ",  | 

'fiUTN)*0TCDFLPl3l 
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J 


1 


*L«a«y>a*i 


or»o 


JHIS  PIGS  IS  BEST  QUALITY  PRACTICABLE 
JK*  oan  neoLsiac  ro  lbq  


POMP  ji.  SUBROUTINE  LISTING  CCont.) 


LCS ( IN  £1*7) »5 

ms  miyr  6*1877)  INO,KNEl,INFl 
1830  FORMAT  1 5 X » A 6 4 CALL  SEQUENCE  ERROR 
1 I5#1*H  CONNECTI Oh  NO  #I5*7H  LEG 
WRI"E«6*9*3) 

FORMAT (ICX#  33HPROGRAN  STO^  IN  SUBROUTINE  PUNP51I 


OETECTEO  IN  COMPONENT 
NO  »m 


NO 


9*3 


C *** 

2030 


; ** 

3UCC 


STOP  605* 

2C0C  SFCTION 

S 

T<DISAC’r)-OTf  OlSVr. 
T(QACTU)»OT(Ol§ 
T(OACTC)*3.3 

oi(PP^A5E)*Df?PCASE) 
GO  TO  1270 

30T0  SECTION 
CONTINUE 
ICOUNT »0 


VLtfUtfsI^ACT^)-' 


0T( QACTU) )*DT  t QACTU) 


CALCULATE  TRANSIENT  RESPONSE  OF  PUMP 
POWcR-O.O 

m\ 

C3<  <L3i 
VOLU-DT. VELACT) 

OPC^MP*E?PCAM?) 

OPOAMP *0 ( AR  ACT i /(DPQANP  + 0( INERT)) 

OI'OACTU) «0.0 

PAcruooTiPAfTU) 

POISA  *0T  { 01 S «CT ) *OTC  VELACT)*i)ELT 

PACT  JP-»0  < PSP?. ) ♦POISA!Pp(  PSPR  f Ml f VQ1D*DI  IKgRT) 

1 -FPOIS  A+{c-:paCCP)*6j  tPrPfi)**2  + OCPOI§AC)UoiiPPCASEl 

2 *<0( P2R ?M) *01 FSLRPMI *0Tt PRPM) l*DT  t BULKQI POTIPQUTLTI 
QOS  In*  - V r.H,0*Df  COtOSQl 

QPUMP*  ?f)ISA*DI  OTSP  )^OT{PR’’M)  ♦QOSIN 
OTIP  INLET  )»JCl /XU.  iHOT«?PCA$E)*D<COEClH)-OPU«PI 
1 /(l«C)iai>+OUOECXMH 


3230 


0 T ? 0 1 N L 
Of,  A S l '■ 
GPC-T--  ’ 
CGSt**" 

m 

OPO 
8*X 
OP  I 

OP?  . . 

?ourn:<-* 

*fmf  f-J t * 

IF  If-'iOl 

nr  if  out 


T « & ' P I H HI M } 5 OT  f i*I  HI  FT  ) *0t  u INMN ) 

T s ■■  l r;  L«-OT  { ?IK l 6 T n / 1 { 1 1 ) 

■ , i •;  F P ? A S E 3 * 6 T l ? I m E ' i ) * 0 1 C a E C I N ) 
l .5 l H l i 1 ) ♦ f!  C A 5 £ ft  * QO  $ f N 
r 5 C.  3 C ! 21/1  D I C U f;  A L N U P » T S A ) 
fJE  fit  j I «»CUEt  <A 

*?U.f ) L2)*D(C0EPIK) *1(12  )*0(  VllO'JT ) ) 

i n*  f j t $ & i ; m i ! ^ 

/ { 6P0ANP i-0 1 (BULK A ) +COEU  A ) 

1 0T-:  PRC&SE  j :j  ttKAfP  SC  TUUfOTf  BULK  A HP  ACTUR.P8P8  AWP)  *8 


tU)*8T  | pPCASEi  *IC0 
C 2 i z ! ). 2M- 0 !* * f < if  *-■  ? ? » S ASEi  * 0 i C 0 ? PtKHOtm'O 0 T 
-ICPVaAl-H&TIPPCASE) 

• JUlE.POU?*!)  60  >'3  3 "2.0 
T i P OU  T SX  *1>T  1 1 TU P 3 *P  3UTM  * OT  f M ITUP I 


A-I./B)) 

)*0PQUT)AZaUT 
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pump  m subroutine  listing  (Cont.) 


3210 

3215 

997 

3216 

3217 

998 

999 

■ 

'3220 

3226 

3230 


0IS-(DT(P0UTLT>-P0UTMI  )«0mPPSIl 

0IS-0I  S/{D{FLOFRC)MDT<POUTLT)  -0T  ( PACTU) » • 0» 

IMDrS.GT.rHDISVM)  >DIS-0C0ISVH> 

IFJPOwER.EQ.G.Ol  GO  TO  3216 
CONA-ToiS^oncOFVlJ  )**2/(2,*COEL<A) 

C0Ng«2,*A6S(0T( POUriTI-DTCPPCASen *C0ELKA /COMA 
OT{OAC»U)*CnN&*(£5RTfl10*CON8)'-lj,0) 

WPITE(:6#99?>C0NA»CGNB#C3EL<A,DT(  PPCASE)#DT<C0EV1>#0TIP0UTLT) 
f 3X#9E12»5 ) 


FORMAT  f 3X#3Ej 
GO  TO  3U7 
CONTINUE 


i 

C 


3250 

3300 


A-D!S*pT(COEVn 

DTiQACTui—  B*A**2/2.*A/2»*S3RT(  C A*B ) ♦♦2+4* (0T( P3UTLT) -DPI) ) 

IF(ABSiTPaUT~DT(F3UXLT))-LT.0.05»  GO  TO  3230 
OTCPOUTlT)*DT{POUTLT>*nT{MITUP)»TPOUT*OT( ITUP) 
IC0UNT«IC01)NT<'1 

iF(IC0UNT.EQ.25)WRITE(6#999) r COUNT 

f IB 1 ^f1TE<6'9<;?8,0T< >#TPt3UT» PDLATMX#  POUTHI 

IF(IC0UNT.EQ»25)G0  TO  323) 

FORMAT {10X#13H£XCEE0ED  TT=R,I10) 

GO  TO  3210 

FLOW  FROM  ACTUATOR  PISTON  TO  CASE 

POUTMI*D(DPVAC)*OT{PPCASE) 

TFIPQUTMX.GE.POUTMI)  GO  T3  3230 
OIS-lPaUTMI-PQUTMO^DIINPPSI I 
DIS«OI$/(OT(PACnn-DT(PPCASmO<FLOFRC>*1.0) 
IFfOIS.GT.OCOISVMnoiS-D(OrSVM) 

continue 

A«DIS*CnC0EV2i  . 

DTtQACTO  — B*A**2/2.+A/2.*S3RT(U*B)»*2*A*DPZ> 
pTtPACTU)«aT(PPCASEJ  ftOT(OACTC>/A)**2 
IFIPOWER.NE.d.O)  GO  TO  3250 

TEST  PISTON  DISPLACEMENT  AGAINST  MAXIMUM  STROKE 

QACTLK-IOTIPACTUJ'OTCPPCASEMPCOELKA 

8?»fPI^?SSI^??;S[a?H“CTC,-iOT,,,‘CT1’,•MCTUO'*OT,suu*, 

|F(P0«eR*f8eC.&>  SO  T u 3 3? 3 
IFioTmf  tEIUtE.OtPINMlNi  I GO  TO  3290 
QPUMP*OCOISP)POT(PRPPJ<1OTI  OISACTI 

00$TN»C« 0 

3240  IF{P09R.E9.-l*O)  GO  TO  3200 

DT  S OACTC } *J*0 
OT{PACTU?*f)TCPPCASEI 

QACHK»0,9 
GO  TO  3300 

OTIPACTiii*OTIPPCASEUOT(OACTU)7C3ELKA 

OACRK-8?  !5ACru! 

Plll^eUE^'ESTI 
OIt3t»*Of?9!NLET» 

QPLEAK«(STt?1.iUTLT»-OTI  PPCASEJ )*0ICGS?IK1 


0 1 L 2 I *-(  QfU'i  p -OPl E Aft-OT 2 9ACTUI-!  DT  I PH 
DT  4 D 1 5 Vl¥  >* ( DT { POUUTT-DT  i WAGE 'i  -DU; 


TIT  t -OPOUT)  *>01  VOL  OUT  ) ) 
VOA) >*Dt IHPPSII 
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PUMP  51  SUBROUTINE  LISTING  (Cone.) 


C 


3310 


CTIPOUTm'CCL  2 1-0(121*2(12) 
*<t2)«0T(f0UriT) 

0CASDR-3P 

ttcoi-oca 


AtuaACTU*DTfOACTCI-D(ARACT)*DT(VElACT>-OCASIN-G3SIN*2. 
) 


ALPHI-GT(COECAs . 

Bfc TA*2  (L3  HyT{  &ULKC ) . 

CMI«Rf(PCASl5»SCASD3*OT(BUL<C)-C(L3) 

?t|p?Jsif«0?I^IstfMOCASDR*0(L3)l*OriBULKC) 

OT([PPCAsH-2?*of  (PcUil-Dr(*PCASE) 

P0WER«-0(L2)*(P(t2)-P(LU)/6603.3 

OT(PPQMER)«PO«ER+Dt(PPOMFR) 

0T(iI)«0l|ET,*^E*0  MRITE(6»3310)T»IND 

R F TURN 

FORWAT (2X»36H********  PUNP  CAVITATION  ONSET  AT  T-  #E12.5. 
10X#  8HC0NP  N0.*T3) 

END 


APPENDIX  E 


VANE  PUMP  MODELS 

’.SFR  USER  MANUAL  (AFAPL-TR-76-43,  VOL.  Ill) 

2.3.10  Pumps  (Variable  Displacement,  Vane) 

When  a pump  model  is  used,  it  should  always  be  the  first  element  in  the  system 
and  identified  as  an  NTYPE  "9”  element.  This  number  is  the  general  pump  element 
designator.  To  specify  the  vane  pump  model  a KTYPE  "15"  must  be  entered  in  columns 
6-10  of  the  first  pump  data  card. 

The  complete  vane  pump  model  (SUBROUTINE  VPUMP)  is  based  on  actual  physical 
dimensional  data  of  the  pump.  Physical  data  for  a given  pump  is  read  into  the 
element  data  list  in  the  same  manner  as  for  the  other  system  elements. 

Input  data  for  the  complete  vane  pump  model  requires  two  data  cards.  In 
addition,  a BLOCK  DATA  section  must  be  leaded  after  the  "ENr"  statement  of 
the  main  SFR  program  to  provide  other  vane  pi_t.p  parameters.  Required  card  input 
data  is  described  in'  the  following  tables. 

Input  data  for  the  vane  pump  model  must  include  a description  of  the  system 
pressure  drop  characteristics.  The  following  generalized  equation  for  system  flow 
and  pressure  is  used  in  the  model : 

AP  - CK1  + CKL  * Q + CKT  * Q **  1.75  + CKV  * Q**2 
Where 

AP  * Vane  stage  pressure  rise  + reservoir  pressure 
Q = Pump  overboard  flow  (CIS) 

CK1.  CKL,  CKT,  CKV  <*  System  coefficients  described  on  input  data  cards 
The  data  cards  are  supplemented  by  the  use  of  a BLOCK  DATA  attached  to  the 
end  of  the  main  HSVR  program.  The  BLOCK  DATA  initializes  arrays  providing  cam  position 
versus  pump  flow  and  tbe  rate  of  change  in  vane  bucket  volume  versus  rotation  angle. 

A listing  of  BLOCK  DATA  is  shown  in  Figure  2-6.  The  arrays  in  BLOCK  DATA  are: 


CAMP(  ) 
CQMAX(  ] 
/NGLE  ( ] 

DVOL(  ) 

NA(1)  - 

NA(2)  - 

CAMPI(  )• 
CQMAXI( 


“ Cam  position  (IN) 
i ■ Max  flow  at  cam  position  (CIR) 
i - Vane  angle  rotation  (DEG) 


d Volume 
dt 


at  vane  angle  (IN**3/SEC) 


Number  of  input  DVOL  at  each  cam  setting 

Number  of  different  cam  settings  (The  cam  settings  ere  stored  at  the 
end  of  the  ANGLE ( ) array) 

Inverse  of  CAMP(  ) array 
“ Inverse  of  CQMAX(  ) array 
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VANE  PUMP  MODEL  INPUT  DATA 
CARD  NUMBER  i 


COLUMN 

FORMAT 

DATA 

DIMENSIONS 

1-5 

15 

NTYPE  = 9 

- 

6-10 

15 

KTYPE  = 15  (VANE  PUMP) 

— 

11-20 

£10.0 

BLANK 

- 

21-30 

E10.0 

SLOTWO  (CAM  SLOT  WIDTH-OUTLET) 

IN 

31-40 

E10.0 

COEPLK  (COEFFICIENT  OF  PUMP  LEAKAGE) 

CIS/PS1 

41-50 

E10.0 

THPRS  (VANE  PRESSURE  SLOT  START  ANGLE  A 

DEG 

51-60 

El  0.0 

THPRE  (VANE  PRESSURE  SLOT  END  ANGLE)  / 

[ SEE 

DEG 

61-70 

E10.0 

v FI  GURE 

THSUCS  (VANE  SUCTION  SLOT  START  ANGLEA2-7 

1 

DEG 

i 

71-80 

E10.0 



THSUCE  (VANE  SUCTION  END  ANGLE)  J j ^ 

l 

EXAMPLE  CARD 


VANE  PUMP  MODEL  INPUT  DATA 
CARD  NUMBER  2 


COLUMN 

FORMAT 

DATA 

DIMENSIONS 

1-10 

E10.0 

LPRESS  (INLET  PRESSURE) 

PSI 

11-20 

E10.0 

SZCAM  (INITIAL  ZCAM  POSITION) 

IN 

21-30 

E10.0 

WOL  (MAXIMUM  VANE  VOLUME) 

1N3 

31-40 

E10.0 

PQOVBD  (OVERBOARD  FLOP) 

CIS 

41-50 

F.10.0 

CK1  (SYSTEM  CONSTANT  PRESSURE  RISE) 

PSI 

51-60 

E10.0 

CKL  (SYSTEM  lAMINAR  TERM) 

PSI/CIS 

61-70 

E10.0 

CRT  (SYSTEM  TURBULENT  TERM) 

PSI/CIS** 1.75  | 

i 

CKV  (METERING  VALVE  TERM) 

PSI /CIS** 2 

71-80 

L.,  i 

E10.0 

EXAMPLE  CARD 


fc.'  ■ 

......  ...  ••  . •. 

i 

■ ■ ’ . ‘ ■ ‘ ■ ■ ' 

j 

I' 

I;-  ■ ' 

• ‘ il'-.  ’•  ' . ■ ’’  ?-? 

1 

. ■ ■ ■ : ■ ■ 

1 ; A 

? 

1 

i 


®SM0ESS»Se 

jgQl  oori  fUEOISHjSU  w 


mcnci2SI 


8L0CK  DATA 

*****  M*r  1 >#  107**  **♦*+ 

COMMON  /VANt/CAMP().ll,CQMAX(lll»ANGl€(30)»0V0l{8.l)«HA{?) 

♦ »CAMPTiii»»:^'iAxian  . „„„ 

OaTA  C AMP/.  3®,  .3795,  .0765,  . 373, .169, .062,  .083,  .04 16, ,027, 

^DATA^QMAX/O.,  .0187,.i)375,  .38i3*11375,,225,.33?S».4S75,.6687, 

^ B375#l  / 

DATA  CAM&I/.)  . * , .014,  »P?T,  , 0 At  5 , . 353, .1(2,  • 069,  .073,  .0765, 

♦ • C735, .08/ 

OATA  COM AX  1/1., . 3375, .5537, .4675, .3375, .225, .1375, .0313, .0375, 

^ •wl67#v#0^ 

DATA  ANGLE/0.,5.,10., 15. »?0.»  22,,  30,,  40.,  50,  ,ftO.,63.,70.,PO.,  90. 
1, 1*0. ,111., 12 3., 130. *135., 13 8. .140. ,145. *150., 160. >170. ,175., I <n. 
2,0, .05, .07/  . « 

OATA  D VOL/ 9, 3 , 3. 5, -t.O.' -6 .25,-12.7, -15.0 
H, -30. 0, -50, 0,-60. 0,-58.), *55. 0,-4 ?. 0 
0, -21.  0 ■■*’8. 5 , 0. 0, 10.0,27.  9,  4 6.0,  e 3.0,56.0 
*1,58,0,60. 0,58. 0,45. 0,25*0, 14. 3,9.0, “28.0 
H, -13. 0,3.0  >23. 3, 29. 3, 2 3.!',  14, 0,-1  ».i*  -34.0 
H,—41,0,“HC‘.0,“34.5,“i7,>,“4«j,3.rf 

«,7.C,3  3.r,4  5.  1,4  6.5,  >3.3,  8. ‘*,-2^.0  » -32.0 
M,-34.u,-29.>,-14.3,-l.O,u.?.4.0,18.0 
M»3C,0»  32,  C,  3*. 0,3 3. 0,24. 3,  15.% -14. 3 
M, -40,0,-46.3,-41.*/ 

DATA  NA/27,3/ 
rND 


FIGURE  2-6 

VANE  PUMP  BLOCK  DATA  INITIALIZATION 

.! 

] 


I 


0F7C  MH  tl 


FIGURE  2 7 

VANE  PUMP  CAM  BLOCK  PARAMETERS 


$ 


■>.8  bLOCK  DATA  - MAIN  PROGRAM  i 

i 

BLOCK  h\TA  is  used  to  initialize  values  in  la'-elcti  COMHON/VANF/ . The  j 

i 

labeled  COMMON  is  used  to  pass  the  initialized  data  to  the  VANE  PUMP  * 

CU  ABOUT  INF..  | 


T'.e  arrays 

in  COMMON/VANE/are- 

J 

C\MP( 

) - 

Cam  position  (1W) 

I 

\ 

CC.MAX  ( 

) - 

Max  flow  at  cam  uo'-ltion  (Cl?) 

ANCLE ( 

) * 

Vane  angle  rotation  (PEC) 

{ 

DVOI.( 

) = 

dVoiumo  at  vane  angle  ( JH**3/SF.C) 

""dT~  . 

| 

j 

NA  ( 1 ) = 

Number  of  input  EVPL  at  each  cam  jetting 

] 

NA(2)  = 

Number  of  uifferent  ram  settings  (The  cam  settings 
are  stored  at  the  end  or  the  ANCLE ( ) array) 

\ 

CAMP I ( 

) = 

Inverse  of  CAMP(  ) array 

CQMAXI(  ) * Inverse  of  CQMAX ( ) array 


3.8.1  BLOCK  DATA  - LISTING 


BLOCK  DATA 

*****  KAY  1C.1978  ***** 

♦ C°C  AK&I  < Vl}  ^1) ^COKAX(  U,»  ANGLE<30,*D'/0L(81,'NM  2) 

+OATA^CA“!^/!ol ^ .C7P  i 0765  » «C  73, .069, . t62, .C  53 , .0415,. 027, 

Oth^l 3?^x/o.*.C  187,. 0375,  .081 3*.  1375#. 225,. 33 75#. 4875*. 5687* 

♦ .8375, 1./ 

OAT A £AM£I/O.C,  .014,  .027#  .0415,  .053,  .06  2,  .(,69,  .073,  .0765, 

*0A?  A CONU  /!.,.  « 37  5,  .6687,.  4875,.  3375,  .22  5,  ,1  375,  .081 3,  .0375, 

♦ .0187,0.0/ 

DATA  A>  0 r/0.,c.,10.,15.,?C.,?2.,?0.,A0.,50.»6C., 63., 70., 80., 90. 
1»1C0.,110.,I2C .,13C.,135.,138.,i4C.,165.,150.,160.,17C.,176.,l8C. 
2,0, .05,  ,0// 

DATA  B V ft  L / 8 “ ‘ " ‘ ‘ ‘ “ ' 

*,-3G. 3, 
k,-2 
*,58 
K,-l 

f* , - 4 1 • C , — 4 Q * 0 * — 3 4 » o 1 7*  0,  — 4 » 0 » 0 * 0 
P » £ . 0 » i i , C< , 3 1 . 0 , A 0 . 5 , A 1 . 0 * 8 0 , 5 * 3 7 . 0 , 2 9 . 0 
H»5.0, -20.0, -31. 0>-?8, 5,-41. 0,-21. 0 
*>?. v»  3 3.0, 4 5. t .46.0* 33.0, 5.0, -20.0,-32.0 

FN'( 


0,  3 . 5 , — 1 .0,-6  *25, -12. C, -15.0 
50.0, -6 0.0, -58.0, -55.0, -42.0 
,••21.0, -e.  0,0.0  A 1C.  0,27.0,56.  €,53.0,56.0 
#58. 0,60. 5, 5 3, 0,45. 0,25.6, 14. £.8. 0,-2 8.5 
#-13.0,2.0,23.0, 29.0, 28.0#! 4.C ,-12.0,-34.  \ 
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APPENDIX  E (CONT.) 


HSFR  TECHNICAL  MANUAL  (AFAPL-TR-76-43 , VOL.  IV) 

4.15  VANE  PUMP  SUBROUTINE 

4.15.1  Introduet luti  ami  Flow  Diagram 

SUBROUTINE  VPUMP  is  a general,  detailed  model  of  a balanced  variable  dis- 
placement vane  pump.  The  model  computes  the  ability  of  the  pump  to  deliver  flow 
against  an  output  pressure  by  modeling  the  nonlinear  relationship  between  pump 
output  flow  and  pressure  in  the  time  domain.  The  main  program  calculates  the 
harmonic  load  Impedance  of  the  circuit,  and  this  provides  the  linear  phase  and 
gain  relationship  between  the  harmonic  flows  into  the  load  and  the  corresponding 
pressures  across  the  load,  in  the  frequency  domain.  The  balance  is  obtained  in  the 
time  domain,  although  a check  is  performed  in  the  frequency  domain. 

The  vane  pump  model  accounts  for  valving  areas,  precompression,  steady  state 
cam  position,  fluid  bulk,  modulus,  pump  internal  leakage,  circuit  termination  flow 
and  vane  motion.  Steady  state  cam  position  is  calculated  as  a func- 
tion of  pump  internal  leakage,  circuit  overboard  flow,  and  pump  speed.  If  the 
cam  position  is  a minimum  corresponding  to  maximum  pump  flow,  the  steady  state 
pressure  is  calculated  at  each  RPM.  The  dynamics  of  the  cam  controlling  circuit  are 
not  included  in  the  model. 

Vane  bucket  pressure  at  the  beginning  of  preccmpresslon  is  assumed  constant 
and  equal  to  one  plus  the  input  steady  state  inlet  pressure.  Piston  pressure  is 
then  computed  continuously  until  the  end  of  the  compression  stage. 

' 
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Figure  4-6  is  a general  flow  chart  of  the  VPUMP  subroutine.  The  specification 
section  includes  initialization  of  variables  from  input  data,  and  the  calculation 
of  several  constants.  Specification  statements  ara  followed  by  the  initialization 
of  pump  variables  from  the  input  data  and  calculates  the  vane  indexing  positions 
for  180°  of  vane  revolution.  These  operations  are  performed  only  once,  when  VPUMP 
is  called  on  the  first  pump  speed.  Steady  state  pump  outlet  pressure  and  over- 
board flow  for  a cam  position  are  then  calculated.  The  subroutine  will  next 
determine  if  the  pump  is  on  control  at  the  given  RPM  and  assign  a value  to  the 
control  indicator  - ICTL.  After  this  is  accomplished  the  precompression  pressures 
are  computed.  Pump  outlet  flow  is  calculated  fov  each  incremental  bucket  volume 
and  then  a Fourier  Analysis  is  done  of  the  resulting  computed  forms.  If  the 
pump  is  on  control,  the  corrected  cam  position  is  determined.  The  Fourier 
Analysis  is  completed  to  calculate  harmonic  flows  up  through  the  user  input  harmonic 
Harmonic  pressure  and  flow  are  then  balanced  dynamically  by  reconstructing  the  time 
dependent  output  pressure  and  recomputing  flow  from  Section  4.  Pump  outlet 
flow  and  pressure  for  the  harmonic  of  interest  are  then  returned  to  the  main  program 
The  VPUMP  subroutine  is  divided  into  seven  sections.  Eu^h  section  is 
discussed  and  a listing  provided  in' subsequent  paragraphs. 
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FROM  MAIN  PROGRAM 


Call  Arguments 

• Pump  Start  Speed  (WSTART) 

• Pump  Speed  for  Current  Calculation  ( V) 

• Outlet  Load  Impedance  for  Each  Harmonic  (ZIP) 

• Harmonic  of  Interest  (NHARMt 

• Steady  State  Flow  Rate  (PQOVBD) 

• Steady  State  Output  Pressure  (PRESS) 

• Pump  Speed  Increment  (WINC) 

• No.  of  Vanes  (PISTNO) 

• Inlet  Load  Impedance  for  Each  Harmonic  (ZAP) 


Specification  Statements 


Y * WSTART 


Check  Speed 


| Y = WSTART 

Initialize  Pump  Variables  from  Input 
Data  Array  Parm  ( ) 


Section  1 • Compute  Valving  Index  Positions 


Section  2 • Calculate  Steady  State  Pressure 
and  Overboard  Flow  for  a Cam  Position 


Section  3 Test  i ! Pump 
is  on  Control 


LEAK  QMAX-Q0V8D 


OMAX.GE.  ^ 
.PQOVBD  + LEAK, 


On  Control 

ICTL  = 1 


Net  on  Control  j 

ICTL-0j»"^ 

Calculate  Precnmpression 

Pressures 


FIGURE  4-3 
VANE  PUMP 
Subroutine  Flow  Chart 


Ik  4 


TO  MAIN  P ROGRAM 


FIGURE  4-G  (ContmasfJ) 
HSFR  VA&E  PU?flP 
Subroutine  Flow  Chart 


4.15.1.1  * triable  Karnes  - Variable  names  unique  to  the  PUMP  subroutine  are 

listed  below.  Ccmmori  variables  are  discussed  in  the  main  program  paragraph 


3. 1.6.1 


SYMBOL 


CAVOL 


COEPLK 


DESCRIPTION 


Incremental  shaft  rotation  angle 

Temporary  variable 

Bulk  modulus  during  precompression 

Temporary  variable  used  in  Fourier  calculation 


Fiston  cavitation  volume 


System  laminar  coefficient 

System  turbulent  coefficient 

Metering  valve  coefficient 

System  constant  pressure  rise 

Temporary  variable  used  In  Fourier  calculation 

Coefficient  of  pump  leakage 

Dummy  variable 

Temporary  variable  used  in  Fourier  calculation 

Incremental  shaft  rotation  angle  used  in  precompression 
calculation 


DEGREES 


PSI/CIS 

PSI/CIS**1.75 

?SI/CIS**2. 


CIS/PSI 


DELVOL  Change  in  vane  bucket  volume  for  rotation  through 

DANG 


IN**  3 


DLEAK  Leakage  from  one  vane  during  rotation  through 

incremental  angle  (DANG) 


DPRESP 


Pressure  change  in  cylinder  during  precompression 


Incremental  time  for  rotation  through  incremental 
angle  (DANG) 

Temporary  variable 


DTHETA 


Temporary  variable 


Incremental  vane  volumes  for  rotation  through  (DANG) 


SYMBOL 

DESCRIPTION 

UNITS 

OVDT 

Change  In  vane  volume  per  unit  time 

CIS 

D2CAM 

Delta  cam  position 

IN 

ETA(J) 

Percentage  error  between  predicted  and  resulting 
harmonic  pressure 

X 

FNTZ 

Temporary  variable  used  In  Fourier  analysis 

- 

FQKI.KK) 

Complex  output  flow  of  the  It*'  harmonic,  for  the  KKtl1 
test,  from  Fourier  analysis 

CIS 

FQl(KK.l) 

Complex  flow  for  the  next  harmonic,  KKN,  equals  the 
last  Fourier  flow  for  the  next  harmonic,  calculated 
from  the  final  KK-3  test  balanced  flow  from  the  last 
harmonic-FQl (KKN , 1 ) - FQ1(KKN,3) 

CIS 

FQ1I(-,-) 

Complex  inlet  flow 

CIS 

HPRESS 

Pump  outlet  steady  state  pressure 

PSI 

i 

Integer  counter 

- 

ICTL 

Pump  control  indicator  (1  « on  control,  0 « off  control) 

IERR 

Error  indicator 

- 

IFL 

Integer  councer  for  number  of  steady  state  balance 
loop  iterations 

ITEM 

Integer  indicator 

- 

ITER,  11, 
13  ,J 

Integer  counters 

- 

KK 

Integer  counter  for  dynamic  balancing  test 

- 

KKN 

Order  of  harmonic  (i,  2,  3,  ) 

- 

LEAK 

Constant  for  piston  lap  leakage 

CIS/PSI 

LK1  - LK8 

Temporary  variables  used  in  flow  calculations 

- 

LPRESS 

Input  data-steady  state  inlet  pressure 

psi 

LPRESP 

Piston  pressure  in  precompression  calculation 

PSI 

LVOL 

Piston  volume  in  preconpression  calculation 

IN*  *3 

K,  N 

Integer  counters 

- 

NAPP 

Number  of  active  pistons  pumping 

- 

NAPS 

Number  of  active  pistons  sucking 

- 

247 


SYK30LL 

DESCRIPTION 

UNITS 

NDEGI 

Integer  counter  for  stepping  cylinder  rotation  1/4 
degree  increments,  beginning  with  NDEG»1 

- . 

NHARM 

Integer  form  of  WHARM 

NKM 

Index  position  of  vane  bucket  during  flow  calculation 

- 

NPRSOP 

Index  position  when  vane  slot  starts  to  open 
to  pressure  slot 

- 

NPROP 

Index  position  when  vane  slot  is  fully  open 
to  pressure  slot 

- 

NPRSCL 

Index  position  when  vane  slot  starts  to  close 
to  pressure  slot 

- 

NPRCL 

Index  position  when  vane  slot  is  fully  closed 
to  pressure  slot 

- 

NSUSOP 

Index  position  when  vane  slot  starts  to  open 
to  suction  slot 

- 

NSUOP 

Index  position  when  vane  slot  is  fully  open 
to  suction  slot 

- 

NSUSCL 

Index  position  when  vane  slot  starts  to  close 
to  suction  slot 

- 

NSUCL 

Index  position  when  vane  slot  is  fully  closed 
to  suction  slot 

- 

NSTEPP 

Number  of  steps  In  precompression  calculation 

- 

NVANG 

Number  of  steps  in  one  bucket 

- 

ORF 

Orifice  coefficient  of  valve 

IN** 2 /SEC /LB** . 5 

PISTNO 

Number  of  pumping  vanes 

- 

PP(  ), 

PPI(  ) 

Internal  pressure  in  pistons  1,  2,  3,  or  4 at 
a given  index  position 

PSI 

PISPR 

Bucket  pressure 

PSI 

PPM' I) 

Magnitude  of  the  harmonic  peak  pressure 

PSI 

PLEAK 

Leakage  out  of  bucket 

C1S/PSI 

PP(I) 

Phase  angle  of  the  I^*1  harmonic  peak  pressure 

RAD 

PPT(  ) 

Time  dependent  amplitude  of  pump  output  pressure  for 
each  rotation  index  position  during  output  cycle 

PSI 

PQQV3D 

Total  overboard  state  leakage  from  main  program 

CIS 

PQlfT ,KK) 

Complex  output  test  pressure  of  the  harmonic, 

for  the  KS'-h  test  in  dynwaic  balancing 

PSI 

2 48 


SYMBOL 


DESCRIPTION 


UNITS 


PQII(I.KK) 

PRESS 

QERR 

QMAX 
QOUT 
QOVBD 
QQFC (I) 

QQFS(I) 

QQ'C(N) 

Ql,  Q2 
RTHETA 
S 

SLEAK 

SLOTWO 

SZCAM 

TERM 

THPRS 

THPRE 

THSUCS 

TUSUCE 

THETA 

THEOLD 

TQMAX 

UO,Ul,!I2, 

U3 


Complex  Inlet  test  pressure  of  the  I**1  harmonic 
Input  data  for  steady  state  pump  output  pressure 
Steady  state  flow  error 

Maximum  flow  capability  at  cam  position 

Flow  out  of  bucket 

Overboard  flow  for  steady  state 

COSINE  peak,  amplitude  of  pump  output  t. inlet)  flow 
trom  Fourier  analysis  for  I*-*1  harmonic 

SINE  amplitude  of  pump  output  (inlet)  "low  frcm 
Fourier  analysis  for  Ith  harmonic 

Time  dependent  output  flow  from  pump 

Temporary  variables 

Temporary  variable  in  area  calculation 

Temporary  variable  in  Fourier  analysis 

Leakage  into  bucket 

Slot  width  of  outlet 

Input  cam  position 

Temporary  variable 

Input  data  cam  pressure  slot  start  angle 
Input  data  cam  pressure  slot  end  angle 
Input  data  cam  suction  slot  start  angle 
Input  data  cam  suction  slot  end  angle 
Angular  position  of  vane  centerline 
Last  Angular  position  of  vane  centerline 
Temporary  variable 

Temporary  variables  used  in  Fourier  analysis 


PSI 
PS  I 

CIS 

CIS 

CIS 

CIS 

CIS 

CIS 

CIS 


CIS/PSI 

IN 

IN 

DEG 

DEG 

DEG 

DEG 

DEG 

DEG 


SYMBOL 

DESCRIPTION 

UNITS 

VA 

Bucket  volume  at  a given  index  position 

IN**3 

VAREA 

Cylinder  slot  flow  area  at  each  index  position, 
0-360°  in  1/2°  increments 

IN**  2 

VVOL 

Maximum  vane  volume 

IN**3 

VINC 

Input  data  pump  speed  increment 

RPM 

w 

.larmonic  frequency  (same  as  A in  main  program) 

RAD /SEC 

WSTART 

Input  data  first  pump  speed  calculation  point 

RPM 

XA(  ) 

XA (1 ) = vane  angle 

DEG 

XA(2)  » cam  position 

IN 

Y 

Current  calculation  pump  speed  (same  as  W in 
main  program) 

RPM 

ZO 

Pump  shunt  impedance  for  It^'  harmonic 

PSI/CIS 

ZXP(  ) 

Complex  impedance  of  load  on  pump  outlet  for 
each  harmonic 

PSI/C1S 

ZAP  ( ) 

Complex  impedance  of  load  on  pump  inlet  for 
each  harmonic 

PSI/CIS 

ZCAM 

Cam  posi tion 

IN 

-■G 


4.15.1.2  Specifications  and  Initialization  - Listing 


SUBROUTINE  VPUMP ( NS TAR T» Y* Z I P*NHARH* PGOVBD* PR ESS* VINC* PI STHO* 

♦ ZAP) 

**♦♦♦  C FCO  VANE  PUMP  MODEL  *♦**♦  MAT  8*1978 

♦VARIABLE  TYPES*  DIMENSIONS*  COMMONALITY* 

REAL  LPRFS$*LPRESP»IV0L#LE<.K»LK1*IK2»LK3*LK4»LK5»LK6»LK7»LK8 
COMPLEX  BETA,G»P»0,Z,Z0.ZIP»ZAP,?3*F01»P01 

COMMON  BETA»G*P*0*Z*  X9E »8E R* BE  I* BE RP* BE  I P. RKO* BULK* VOL* ti* VI  SC  * PAR 
IN  » P I » IEL,NEL»KTYP£(40) 

COMMON  SVANE/CAMP«lll*COMAX(ll)* ANGL F « 30 > * OVOL ( B 1 > *N A (?) 

♦ » C A M P I ( 1 1 ) , C 0 M A X I ( 1 1 ) 

DIMENSION  G(?*?*4Qk*PARN(8»4O)»P<4O>*O(40)*Z(4O)*>Um*DV(91| 
DIMENSION  0QTI91 ),PPT(91 ),QOfC(ll)»OQFS(ll )»PPM(1U  ,PPPIll> 
DIMENSION  ZIP(10)»ZAP(10)* P’S  PR (1400) 

DIMENSION  FQI{10»3)»PQi ( 10*3) »ETA(10) 

DATA  PISPR/1400*C«0/ 

♦INITIALIZE  VARIABLES  FROM  INPUT  OATA  OR  MAIN  PROGRAM* 

IFI Y.NE.WSTART)  GO  TO  140 
TERM»PARM(1*1) 

$L0TW0*PARM(2»1) 

C0EPLK*PARM«3.1) 

THPRS-PARM(4, 1 1 
THPPE»RARM(5* 1) 

THSUCS-PARMC6. 1) 

TMSUCE  * PAPMI 7* 1 » 

LPRESS»PARM(1,NEL*1) 

SZCAM-PARH(?,NFL*1) 

VVOL-PARMIB.NEL*'  I 
PQ0V?D»PARMI4,NEL*1) 

CKJ.PARM'5.NEL*1  ) 

CKL«PA»M(6*NEL*1  ) 

CKT»PARM(7*NEL*1  ) 

CKVPARHf  8»NEL*1  ) 

ZCAM«0.0 

IFISZC AM.GT,0.0) ZCAM-SZCAM 
NAPP*( 90-THPR6-THPRS ) /PISTN0*1 
NAPS-t 90-THSUCE-THSUCS) /PISTNO+l 
Ql-10. 
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Figure  4-7  illustrates  modeling  parameters  for  a vane  pump.  Section  1 
calculates  the  angula.  increment  based  on  the  number  of  vanes  to  produce 
720  divisions  per  180  degrees  of  revolution.  In  addition,  the  index  positions 
for  the  beginning  and  end  of  the  CAM  pressure  and  Sultan  slots  are  computed. 


4.15.2.1  Section  1 - Listir 


SECTION  1 

COMPUTE  VALVING  INDEX  POSITIONS 


VANG-360, /PISTNO 
AINC-4./PISTN0 
NDE3I-180/AINC*,OOl 
NVANG-VANG/AINC».001 
NVANG1-NVANG+1 
NPRSOP-THPRS/AlNOl. 

NPR0P-NPRS0P»NVANG»1. 

NPRSCL-<90.-THP8E  ) / aincm. 

NP«Cl-HPPSCl*fmNG  + l. 

NSUSOP'f  90,  + THS!JCS»  /AtNCU. 

NSUOP-NSUSOPANVANG*),. 

NSUSCL-U80.-THSUCE)/AINC«-1. 

NSUCt*NSUSCL*NVANG— HOfGI 
NSTCR-NOEGI-H 

WRITE < 6,840)  NPRS0P,NPR0P,NPRSCL,NPRCL#NSUS0P»NSU0P»NSUSCL»NSUCL 
640  F0RMATC8(5X»I5J» 

C 
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4.15.3  Section  2 Steady  State  Output  Pressure  Calculation 

Section  2 calculates  the  steady  state  outlet  pressure  and  flow  as  a 
function  of  cam  position,  pump  speed,  and  pump  Internal  lecicage  rate. 

On  the  first  call  to  VPU.dP  the  orif.ee  flow  coefficient  (ORF)  is  calculated, 
the  first  incremental  bucket  volume  Is  initialized  to  pump  inlet  ptesrure  and 
the  bucket  cavitation  volume  is  set  to  zero.  These  calculations  are  bypassed 
on  all  subsequent  calls  of  VPUMP.  Each  tiie  VPUMP  is  called  for  a new  pump 
speed  and  the  cam  position  (ZCAM)  is  estiutted  as  a function  of  incremental 
and  maximum  pump  RPM. 

4.15.3.1  Hath  Model 

Two  equations  are  solved  to  obtain  pump  overboard  flow  and  outlet  pressure. 
Equation  (1)  describes  the  system  pressure  drop  characterics  input  by  the  user: 

HFRESS  = CK1  + OKI.  * Q1  + CKT  * 01  **  1.75  + CK.V  **  2 (1) 

Where 

PRESS  ” Pump  outlec  pressure  (PSI) 
qi  = Pump  overboard  flow  (CIS) 

The • second  equation  describes  the  pump  outlet  flow  in  terms  of  max  flow  rate  at 
the  current  RPM  (QhAX)  minus  a leakage  flow.  Leakage  is  a^s.-med  to  he  directly 
proportional  to  the  vane  stage  pressure  rise  as  shown  in  Equation  ( 7) . 

Ql  * QHAX  - ' (HPRESS  - LPRE.SS)  * COEPLK 

Equation  (2)  is  solved  for  HPRESS  and  substituted  in'  1 : >at.  ion  (l),  Newton's 
method  of  finding  successive  approximations  to  a real  root  *’'>!)  of  the  tr  uiting 
equation  it.  used.  When  the  error  between  ructessi*.  1 it-.  a?  i ems  is  less  titan 
0.001  CIS  tiie  value  of  overboard  flow  is  used  in  Equation  t<-  find  HPRF.vS, 
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4.15.3.2  Section  2 - Listing 

£ SECTION  2 2CA*  POSITION  AND  STEADY  STATE  OUTPUT  PRESSURE  CALCULATION 

PISPR(NSUCl>»LPRESS 

CAvri«o,oo 

0RF«.fc5*SQRT(2.0/RHC> 

140  CONTINUE 
ITSR«0 

OHAx«gf5K*Y/6o*f,'C4MPICl  ,,C0H*X,<-O'l0*ll,0M*x* IERR> 

145  lTEP‘ITfS+1 

Q2*Ci -T£««/OTERN  ,uu 

OERR» 02-91 

IFt A^S«0£P?».LT.O.OOllGO  TO  150 

Cl r Afi  S t 0? ) 

IPU1ER,6T.50»NRITE(6»<»000) 

IFi  itepIgtIjoistcp60  *°  lTffUTICN*  IN  RlJf1R  SS  f LOW  BaiaNCE*) 

GP  TO  145 
150  CONTINUE 
UOVBD* 0? 

IF  1 00V«6.  C*T.  R3fJV«n)O0VR9*PO0V30 
HpRfss-ioMA*-pnvpa»/crr pu*i  press 

IF! HPC*S$»GT  » r “ t SSlHPRcSS*  PRESS 

Iff  lON.GT.O.OS  i iCAH»Cl0B 

*2t>  FolNAT(loI»''a2f.5)'COEPl',<’POQV9D’OQVBD’HPPESS'PRE5S*3!C*,,'Q,,i* 
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4.15.4  Section  3 - 3ucket  Precompression  Calculation  and  Control  Test 

Section  3 determines  if  the  computed  flow  capacity  for  a given  cam  position  and 
R.PH  is  sufficient  to  provide  the  demanded  flow  with  a given  pump  leakage  flow.  If 
the  pump  can  supply  this  flow,  the  control  indicator  is  set  to  one  (ICTL  * 1). 

Prior  to  the  precompression  pressure  calculation,  the  maximum  bucket  volume 
is  adjusted.  The  change  in  volume  is  added  to  the  total  volume  as  the  vane  increments, 

NVANG  times  starting  from  the  point  where  the  leading  edge  of  a vane  is  just 
closed  to  the  inlet. 

The  remainder  of  Section  3 calculates  the  bucket  pressure  which  exists  before 
the  vane  starts  to  open  the  bucket  to  the  pressure  slot.  This  pressure  is  the 
result  of  precompression  in  the  bucket  during  that  portion  of  rotor  rotation 
when  the  bucket  is  blocked  by  the  cam  block  between  the  suction  and  pressure  slots. 

4.15.4.1  Hath  Model  - The  change  in  hucket  volume  is  a function  of  the  cam 
position  and  angular  displacement  of  the  rotor  as  shown  in  Figure  4-8,  Total 
hucket  volume  is  the  sum  of  the  volume  changes  for  increasing  bucket  volume  and 
minus  the  changes  for  decreasing  volume.  A pressure  dependent  factor  for  leakage 
from  each  vane  to  inlet  is  estimated  for  bucket  pressures  above  input  suction 
pressure  as 

PLEAK  * COEPLK/ (2 . *NAPP) 

Leakage  from  inlet  to  each  hucket  is 

STEAK  -PLEAK 

Any  cavitation  volume  in  the  bucket  is  calculated  and  tracked  throughout  the 
bucket  revolution.  Bucket  pressures  are  stored  for  each  position  throughout  the 
calculation.  Time  dependent  oscillatorv  outlet  pressure  is  initialized  to  zero  PSI. 

1 
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4.15.4.2  Assumptions  - The  bucket  is  assumed  to  be  completely  filled  on  the  auction 
stroke  and  the  initial  cylinder  is  assumed  to  be  one  plus  the  input  steady 

state  value.  Pressure  dependent  leakage  is  assumed,  bulk  modul  s is  recalculated 
at  each  step  based  on  the  last  step  incremental  bucket  pressure,  and  the  bulk 
modulus  formula  used  in  fluid. 

4.15.4.3  Computation  Method  - The  calculation  is  performed  in  DANG  increments  with 
the  Initial  vane  centerline  angle  computed  from  the  suction  slot  end  angle 
(THSUCE)  and  the  bucket  angle  (VANG).  The  number  of  calculation  steps  (NSTEPP)  is 
calculated  based  on  index  positions  defining  the  end  of  the  suction  slot  plus 
NVANG  and  the  beginning  of  the  pressure  slot  in  the  cam  block. 
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4.15.4.4  Section  3 - Listing 


SECTION  3-  PISTON  PRfCONPRESSION  CALCULATION 


TEST  IF  ON  CONTROL 
155  CONTtNUE 

LEAK-QMAX-OOVBO 

ICTl-0 


IF!  0NAX.GE.P00V80UEAK1  ictl-i  __  c 

NSTEPP-NPRSOP-NSUCL 

NP-(VANG~THSUCE>/AINC*l  tP1* 

DPRESP-0.0 

LPR  ESP  - PI  SPR  C NSUf.L  I * 

PLEAK-CQf  PIKM2.PNAPP1 

SLEAK--PLEAK 

OAHG* A1NC 

THETA-VANG-THSUCE 

0T-AIHC/t6.*YI 

XAI1I-THSUCE 

XAC2I-ZCAH 

U-NSUSCL 

12- ND6GI 
I TE  H-0 
LVOt-VVOL 
13*0 

CALCULATE  VOLUNE  FOR  ONE  BUCKET 
166  00  165  1-11,12 

13- 13*1 

XM  1)-XAU1*0ANG 

C ALL  L UCUP (HD, N* 111, ANGLE! 1 1 , OVOL 111 , X A 1 1 1 , OVDT, K» 1 1, NEX TR I 

DV< 13 1 • ! DVOT l *0 V 
L¥Ot-LVOJ.*SV(m 
OY!  133— DVU3I 

168  CONTINUE 

IFUTEK.E0.1IGQ  TO  160 


ti-i 

12-NP 

XA!1>—  DANG 
GO  TO  166 
169  ll-O 

13*90 

LPRfSP=LPRESS*1.0 

CONFUTE  PSECQHPRFSS10N  TO  PRESSURE  SLOT 

DO  160  I-1»NSTEPP 
IFU.PRESP, IT, ( PRESS)  GO  TO  162 
OLEAK*IlPPESP~LPRESSI*PlEAX*DT 
GO  TO  169 

162  DIE  AK.ft  PPCSS-LPRESPl*S».f  AK*DT 
164  BULKP-8ULK*12.*eLPRESP~PRESS» 

XA( l»-TH£TA*OANG 
THETA-XM13 

CALL  i.UCUP!NO,NA  ( II  , AHGL  E(  ll,OVOLtl  I , K A < 1 1 ,OVDT,tc®  TG»NEXTRI 


| 3* !3‘1 
IMI3,f.T.Tim«I 

DVU3I*!0V0T|P0T 
l VOL -L VOl *0Y ! 1 31 
0£!..VOL-"0¥U3? 

OP&ESP»(&£t  .VOL-DLE AK-CAVOLl /LVOL*BULKP 

LPR|$P-LPRESP*OPRESP 

NP-NP+1 

IFILPRESP.GT, 0,011  60  TO  165 

CAVGL-CAVCL-OELVOL+OLEAK 
I F s C & Y 3 L » t T * Q • 0 1 € A V CL  -0  • 0 

L PR  ESP ”0.01 

oprssp«c.o 

60  TO  16? 

165  CAVOL-0,'0 

16  ? PISPSIH.P  | »s  p ^ p 

C IF£Y,E9.50a0.iyaiTE!6,931>r.AVOL»NP,LPRESP,OVIl3!l»l3,OEtVOL#I* 

C * l V&L*  OLE  PK»  6UI.KP*  THE  T A 

931  F0sf:AT!SX,lE12,5,I10,2Gl2,5»15>lE12»5fI5,4El2.5l 

160  C&'iTIUL'c 

CA-VOIO-C  AVOl 
TNEGLD- THETA 

00  351  N-l.NVANGT 
151  PPTCN3-Q.6 
K K N » 1 

K K -1 

1T0  CONTINUE 

259 


! 

i 

4.15.5  Section  4 - Pump  Outlet  Flou  Calculation  \ 

i 

Section  4 calculates  the  total  output  flow  from  the  pump  for  one  cycle. 

Each  of  the  active  pumping  buckets  (NAPP)  is  sequentially  incremented  through 
steps.  The  outlet  flow  is  determined  from  summing  the  flow  from  each  bucket  per 
side.  The  total  flow  is  then  multiplied  by  two  since  each  side  of  the  pump 
supplies  approximately  one  half  of  the  flow.  The  calculation  is  started  one  index 
step  after  the  precompression  ends.  Pressure  in  the  first  bucket  is  initially 
the  final  precompression  value.  Pressure  in  the  other  open  buckets  is  equal  to  the 
sum  of  the  previously  calculated  steady  state  output  pressure  (HPRESS)  and  time 
dependent  oscillating  pressure  (PPT) . Bucket  pressure  and  outlet  flow  computed 
at  each  step  account  for  bucket  leakage,  pressure  drop  across  the  cam  block, 
vane  motion  and  fluid  compressibility.  Q0T(1)  is  set  equal  to  r>QT(NVANGl)  to  reduce 
the  effects  of  calculation  start-up  discontinuity,  caused  by  the  assumed  initial 
cylinder  pressures. 

4.15.5.1  Math  Model  - The  math  model  derivation  is  almost  identical  to  that  for 
the  piston  pump  discussed  in  bection  4.5.T.  The  only  significant  change  occurs  in 
equation  (22).  The  pressure  loss  due  to  fluid  flow  over  a time  DT  is  estimated 
as  four  times  the  flow  rate,  because  there  is  one  equation  for  each  slot  in  the  cam 
block.  Equation  (22)  now  becomes 

APf  « ((DT*BUU0/(VA*LK1))*4*Q=4*LK3*Q 

Following  through  on  the  substitution  into  equations  (23)  and  (24),  equation  25  is 
Q**2+2*LK5*Q-LK6  (25) 

Where 

LK5  - LK4  * LK.3  *2  (26) 

solution  for  Q in  Equation  (25)  remains  the  same. 
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Before  computing  the  vane  outlet  flow,  the  outlet  flow  area  is  calculated. 

As  the  leading  edge  vane  of  the  bucket  rotates  through  the  outlet  slot  on  the  cam 
block,  the  arc  length  of  the  bucket  exposed  to  the  outlet  is  computed  as 
VAREA  - .60935  * DTHETA  / 57.3 

This  value  is  then  multiplied  by  the  cam  block  slot  width  to  obtain  the  vane 
outlet  flow  area  for  one  slot. 

VAREA  ■ VAREA  * SLOTWO 

The  outlet  flow  calculation  also  tracks  a cavitation  volume  if  it  should  occur 
on  the  outlet.  Outlet  flow  is  computed  for  one  output  cycle  of  NVANG  increments 
regardless  of  the  Increment  size. 
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4. IS. 5. 2 Section  4 - Listing 


IBIS  PAG®  is  BEST  quality  mcncABL* 
IftOJI  OOi'Y  7UKXISH3D  TO  DOC  — — 


SECTION  4-  PUMP  OUTPUT  FLOW  C ALCU' 4TI0N 

CAVOl-C AVOLD 
VA-LVOL 
THETA- THEOLO 
XAC25-ZCAK 

rtheta-vang 

DO  180  N-l.NVANGl 
180  QOTtNI-O.O 

WRITE(6#925SNP»CAV0t,LPRESP» VA#THETA 
025  FORHATLIOX, 110, 4£ 12.51 
NKH-NPRSOP 
DO  200  H-l-NAPP 
DO  190  N-1,NVANG 
NKN-NKM+1 

IFiNKH.GF.NPRCl)  GO  TO  190 
XA(1I*TH£T4*DANG 
THETA-XAd ) 

jjAL^3LUCUP{ND»NMl)#ANGlEm#CWCim#KAa)f  DVDT,K»IE»NFXTR> 

IF( I3.GT.9ll 13*1 
0V(  I3>-tDV0T»*DT 
VA»¥A*QVmi 

oelvol— -ovim 

C COWPUTf  WANE  OUTLET  FLOW  AREA 

otheta*theta~thpps 

IFIOTHFTA.OF.VANG 50 THETA -WANG 
IF(THETA,Gr,C-?0.-THPf?e»  5PTHETA-PTHETA-DANG 
I F ( THE  T A » GT  ,i  f 90 . - THPRE > 50THE  TA-R  THETA 
¥AREA-,6G<m*£>THETA#57.3 

VAREA-VAREAASLOTVfC 

IFtCAVOL.GT.O.OOJ  GO  TO  1«7 
8ULKP*  BULK*  12,*  < P I 5 PR  i NK  U-PRE  SS  I 

IFfPISP«<H*N-U.GS,LPRESb>  60  TO  186 
L€AK«SLEAK2{2.*NAPS» 

LK1-1.aSQST{BULKP  j »tEAK*OT/VA 
GO  TO  165 

186  LEAK-PLEA* 

C LEAK-LEAK *{WSTARY/T)**1«25 

LKl-1,  ♦ BUS.*P’H.FAK*DT/VA 
185  LKZ-CPIS^Sr-^H  'i  J*3ULKP/VA*<DEl  VOL  > 5/LK1 

L K 3 -8UL  K F *0  T / V A / L K l 
LK4-  (GPF*VA?? 41**2 

LK5  - L * ? » L 
LK6  • LK4 
LK7  -L K 5*5.  * 

L<8  • -LK5 
OOUT-  S I G H f L K • 

PISPRtNK 0 I * L K ' 

• 1 IF  I PISPRliiKH 

187  CONTINUE 
LEAK^SLEAK 

9GUT-” t 0*  65*V ARE  A*S9R’ 

PISPRINKNT-.S1 
CAVOt-CAW Ot - DEL  V C l * C LEAK* D 
IF(CAV0L*t.€»O»00I  CAV 

188  QQTfN ) -OQUT* 08T C N i 
C A¥0t*0»0 

C IF  T ¥*€8*  30S0» • AN9-KR  #E0»1 1 PRf  TE  I6*9  32JCAV0t.»N#NKH»  PISPRt  NKRI* 

C ■ ♦ D6lVCL#tffi»VA»lEAK»9Uf.Kf»  f*'S  I A-QOTI  N> 

“ ‘ Fi.r ' ‘ " ' ' 


* f i 
’ & 
*9! 


SS-PPTLNJI 


7 t 

* L K 3 

GO 


TO  188 


?,*{HPRESS*PPTIN5I 7RH0J  » 


TnPR£SSM)GUT*DT 

. GO 


932 

190 

200 


201 

927 


COUTH;-1 

CCN'nri* 
OQTLNWi 
DO  201 
QQTIFS- 
F QP  I 


•1E12. 


'3  i ik’JV'i  t A 2 * S 


t ? * os  r f i j 

¥■*  i unr,  i 

2 « *-  3v  t i 0 ? 

5 > 
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4.15.6  Section  5 - Fourier  Analysis  of  Pump  Outlet  Flow 

Section  5 performs  a harmonic  analysis  of  the  time  dependent  pump  total 
output  flow  calculated  In  Section  4.  Flow  is  computed  over  the  cycle  period 
for  each  harmonic  from  the  fundamental  up  to  and  Including  the  input  harmonic. 

If  the  pump  is  on  control,  the  overboard  flow  is  used  to  adjust  the 
cam  position  (ZCAM) . Harmonic  flows  (FQ1(I,KK))  are  then  calculated  from 
the  steady  state  conditions. 

The  steady  state  cam  position  calculation  is  bypassed  during  subsequent 
dynamic  balancing  in  Section  6. 

4.15.6. 1 Section  5 - Listing 

$PCTI0»i  5-  POUFIFR  ANALYSIS  OF  PU*P  OUTPUT  FLOW 

A*i«VANS*AINC/*. 

K»i  H , •“ f ’ 

CG'tW  , /( + 

Cl*:*.  ic*bn3*C0£F 
Si  "dlNiCII 

ci  *cos{cn 
s -o.o 
c »;,o 
FNrjr-OOTUI 
j • i 

U2»  0*0 

Ui'«0»0 

I » ? * V « 1 


c t - ■ ^??V5!^c5Bf£5!c,EMTS 


uc 

f f ;7  __ 

l .•=  ? 'A 
X ' - i 

l f k i - ’ t ? : 


„ '*  :*)  ,,  •?  ”t  ft, 

■ " ; r • i T f f ? 


i * : . 

C 

J IK 

fji  ' 

f f t c ■ 


uot  i ocr- n s « o r, o l 

n..  EafcfjR 


r -*■ 


> ;>  %■ 
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f > 
r f : 
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? /Hr  f i r:-  ■ Hnn  P f M w?  ? f {? 
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4.15.7  Section  6 - Outlet  Pressure  - Floy  Balance  Calculation  and  Listing 


Section  6 of  the  vane  pump  model  is  identical  to  Section  t of  the  axial  piston 
pump  model  described  in  Paragraph  4.7. 


SE' ’ 'ON  6-  OUTLET  PRESSURE-FLOW  BALANCE  CALCULATION 
270  CO.  * TJE 

I ■ 

IF  I «*  - 21  280.290,300 
260  CON'  NUE 

W*YcprSTN0*PI*KXN/30. 

Z0*l«0‘:r/W*C»2,-l.) 

,npM" * s-° 

P3»tClU,KK)  x 

PPHdJ  » CARS(  P01  ( I.KKt  I 
60  TO  320 
290  CONTINUE 

20  • PQl(I,KK-n  / ( FQ1I  I,KK-1)-F01(  I »KK  I ) 

P3«P01 ( I, KK  >-P01 (I.KK-1 ) 

POi(I.KKel)  - POl(I.KK)  - POl(I.KK-l) 

p55!i!  : 

GO  TO  320 
300  CONTINUE 
J • K K N 

P01U.KK)  - 21 P { J I ♦ FQ1  (J  ,KK  ) 

P6«CABS(P0I(I,KX) T 

vJi(J,vruCJB?,10°  * «^01N»KKI  - POUJ.KK-ll)  / POl(J.KK)) 

IF(KKN.GT.NHA«M>  GO  TO  335 
KK  ■ 1 

FCUKKN.1I  • F01  (KKN,  3) 

60  TO  270 
320  CONTINUE 


uu  U 


Section  7 computes  the  time  dependent  outlet  pressure  (PPT)  from  each 
estimate  of  complex  dynamic  output  pressure  (P3)  in  Section  6.  This  section  is 
identical  to  Section  7 in  the  axial  pump  model  described  in  Paragraph  A, 8. 


SECTION  7-  RECONSTRUCTION  OF  TINE  DEPENDENT  OUTLET  PRESSURE 


TERN-12.  ♦PIWNVANG 
00  330  J-1.NVANG1 
THETA-  (J-l>*l*TfRf1 

PPTIJ7  -PPT(J)  ♦ REAL  ( P 3 ) * S IN  I THE  T A ) ♦AIMAG(P3I*  COS  ( THE  TA I 
IF  <PPT(J>.LT.-HPRESS)  P PT ( J ) --HPR  ESS 
330  CONTINUE 

KK  » «<K  «■  1 
GO  TO  170 

335  WRITE! 6.901 » 7C AH, ON AX . HPRE S S » PR ES S » QQFC !l> » QOVPDf T» ICTl 
001  FORNAT! /• 7F1P.A# 3K, 15. / > 

WRlTE(6»927)(?ISPR!II#l‘31#A16l 

Q(1I»F01(NHARM.3I 

P(1»-P01(NHARN,3) 

RETURN 

END 
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APPENDIX  E (CONT.) 


HSFR  TECHNICAL  MANUAL  (AFAPL-TR-76-43 , VOL.  IV) 


8.6  SUBROUTINE  LUCUP 

Subroutine  LUCUP  provide  linear  Interpolation  of  data  points  for  a three 
dimensional  table.  tVo  coordinate  points  are  input  and  LUCUP  returns  the  third 
value. 
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8.6.1  SUBROUTINE  LUCUP -II STING 


5C 

6C 

70 

«0 

00 

100 

110 

150 

16C 

17C 

IPO 

IOC 

POO 

210 


voc 

600 

POO 

loco 


L2*NA { 1 ) 

t»xa(D 

?;:}m 

IF<T-X«l))80*OC»5C 
on  6C  1-2,12 

it.l? 

' » 1 

fo  ioo 


IBIS  Page  IS  BBGT  QUAim  fwlcticabd* 
raoa  oar*  nsaaisasu  ro  doc  _ 


mi 

m-i 


go  t r IOC 
IT  «? 
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zuutc 

^AT  IOT-<  Y-X  C TT-1 ) ) 7 < X t 1T  J-x  C TT-1 » » 
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IF(°-xn))170,l«)0,i60 

WIJNUE 

KHO? p»1 
GO  TO  2CC 
I P » I 
KOOFP-1 
GO  TO  2tC 

I P * !.  1 
<nr,F»«l 
50  TO  200 
IP  - 1 

K00PP«2 
GO  TO  2iO  ' 

CONTINUE 

W '88 
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f fv-^  7 «r  y:  - r- 

!*  * r? r - ? i »tt 

5 7 4 \<  T 

&U.XI* Tin»*f  nnn-zuzn 

■1  A'  V v V 

' .i  l f 

jt 


IV 

7?  ; 

Cf! 

r p > 
f 7 H 


‘fir 

K >■  ; 


‘ / 


267 


APPENDIX  E (CONT.) 

HYTRAN  USER  MANUAL  (AFAPL-TR-76-43 , VOl . I) 


6.52  TYPE  #52  VANE  PUMP 

. FLOW  CONTROL  FOUR 

WAY  SERVO  VALVE  , -CONNECTION  NO.  1 

/ 


✓ 


' - - CONNECTION  NO.  2 

FIGURE  6.52-1 
TYPE  NO.  52  VANE  PUMP 

The  CECO  main  fuel  pump  (MFP)  is  simulated  by  the  PI  IMF  52  subroutine. 

The  variable  displacement  sliding  vane  pump  is  double  acting  with  radial  pressure 
balance.  The  pump  is  controlled  by  coupling  an  external  metering  valve  to  a 
single  stage  spool  valve  within  the  pump  hotisirg.  The  valve  regulates  pump 
displacement  as  required  to  meet  metering  valve  are  s changes  and  -nee,-!  changes . 

The  PUMP52  subroutine  is  written  t»>  w,rk.  with  an  ext  eroal  metering  valve 
(subrcut  ine  VAI.V24)  supplying  the  control  sign  Us'  to  the  four  way  servo  valve, 
which  f it  net  Inna  essentially  as  a null -type  different  i.al  urt  ssure  sensor.  The  MFP 


model  will  sense  the  signal  pressures  and  adjust  the  outlet  flow  and  pressure 
accordingly. 

The  transient  pump  model  must  be  initialized  at  reasonable  steady  state  values. 
Otherwise  the  resulting  discontinuity  between  the  steady  state  and  transient  sections 
of  pump  subroutine  will  cause  a transient  before  the  user  selected  time. 

The  MFP  model  requires  the  input  of  actuator  stroke  versus  pump  outlet 
flow  aud  actuator  load.  The  valve  stroke  versus  flow  area  is  also  input. 

Though  the  vane  pump  model  was  specifically  written  to  model  the  CECO  MF?, 
other  variable  displacement  vane  pumps  may  be  modeled  with  this  subroutine. 


CARD  NUMBER  1 


COLUMN  FORMAT 


Component  Number 

Type  Number  **  52 

Number  of  Real  Data  Cards  » 

Line  Number  (with  sign)  attached  to  Connection  1 (Inlet) 

Line  Number  (with  sign)  attached  to  Connection  2 (Outlet) 

Line  Number  (with  sign)  attached  to  Connection  3 (High  Control  ’ressure) 

Line  Number  (with  sign)  attached  to  Connection  4 (Low  Control  P ressure) 

Number  of  Servo  Valve  Positions 
Number  of  Actuator  Positions 
Number  of  Outlet  Pressures 


EXAMPLE  CARD 


Temperature/Pressure  Code  (See  Page  4.0-2) 


CARD  NUMBER  2 


COLUMN  FORMAT  DATA 


DIMENSIONS 


Servo  Valve  Area 


Servo  Valve  Spring  Rate 


Servo  Valvt  Spring  Preload 


Servo  Valve  Mass 


Servo  Valve  Damping 


Servo  Valve  Discharge  Coefficient 


Lb- sec /In 


Lb-sec/ In 


61-70  E10.0 


71-80  I E10.0 


Minimum  Valve  Displacement 


Maximum  Valve  Displacement 


EXAMPLE  CARD 


CARD  NUMBER  3 


COLUMN 

FORMAT 

DATA 

DIMENSIONS 

1-10 

E10.C 

Actuator  Extend  Area 

In2 

11-20 

E10.0 

Actuator  Retract  Area 

In2 

21-30 

E10.0 

Maximum  Actuator  Stroke 

In 

31-40 

E10.0 

Unison  Ring  Damping  Factor 

Lb-Sec 

In 

41-50 

Pi’j.O 

Servo  Valve  Overlap 

In 

51-60 

E10.0 

Extend  Actuator  Volume  @ Zero  Stroke 

Cl 

C 

M 

61-70 

E10.0 

Retract  Actuator  Volume  @ Zero  Stroke 

la3  1 

! 

71-80 

E10.0 

Pump  RPM 

RPM 

• 

EXAMPLE  CARD 


*■  ' -s'.  - 

CARD  N UNDER 

COLUMN  FORMAT j DATA 


1-10  EJO.O  Coefficient  of  Pump  Leakage 


11-20  E10.0  j Initial  Actuator  Position 


Coefficient  of  Servovalve  Leakage  @ Null 
21-30  E10.0  Position  and  100°F 


DIMENSIONS 


31-40  j El 


-5 


51-60  ; El 0.0 


61-70  E.10.0 


71-80  | E10.0 


Outlet  Volume 


Initial  Steady  State  Outlet 
Flow 


Initial  Steady  State  Pressure 


Maximum  Pump  Flow  0 Operating 
RPM 


EXAMPLE  CARD 


CARD  NUMBER  6 


COLUMN 

FORMAT 

DATA 

DIMENSIONS 

1-10 

E10.0 

Cam  Load  On  Actuator  at  First  Outlet  Pressure 

Lb 

11-20 

E10.0 

(Enter  Number  of  Actuator 

tl 

21-30 

E10.0 

Positions  Times  Number  of 

II 

31-40 

E10.0 

Outlet  Pressure  Values) 

II 

41-50 

E10.0 

Last  Cam  Load  On  Actuator 

It 

51-60 

F.10.0 

Ideal  Pump  FI .w  for  First  Actuator  Position 

CIR 

61-70 

E10.0 

(Enter  as  Many  Values  as  Listed  in  Columns 

! 

| 71-80  | EI0.0  | 41-45  of  Card  No.  1) 


EXAMPLE  CARD 


CARD  NUMBER  7 


COLUMN 

FORMAT 

DATA 

DIMENSIONS 

1-10 

E10.0 

First  Servovalve  Position  (go^i^iv''  Directior 

In 

11-20 

E10.0 

(Enter  As  Many  Values  as  Listed  in 

it 

21-30 

E10.0 

Columns  36-40  of  Card  No.  1) 

ii 

31-40 

E10.0 

tl 

i» 

41-50 

E10.0 

Last  Servovalve  Position 

ii 

51-60 

E10.0 

Servovalve  Flow  Area  Correspond  To  First 

Position 

IN2 

61-70 

E10.0 

(Enter  as  Many  Valuas  As 

<•  i 

i 

71-80 

E10.0 

Servovalve  Positions) 

♦i 

EXAMPLE  CARD 


APPENDIX  E (CONT.) 

HYTRAN  USER  MANUAL  (AFAPL-TR-?6-43,  VOL.  I) 


6.24  TYPE  #24  TWO-WAY  CONTROL  VALVE  TO  BE  USED  WITH  TYPE  #52  VANE  PUMP 

TYPE  #24  ts  a specially  modified  TYPE21  valve  that  is  used  with  the 
PNMP52  subroutine.  The  valve  uses  an  externally  controlled  time  history 
"spur.  The  valve  opening  area  is  derived  from  the  tabulated  data  input 
or.  the  third  and  fourth  cards.  The  total  number  input  on  both  the  time 
and  area  tables  must  be  equal  to  the  number  input  in  column  70  of  the  first 
data  card. 

Care  must  be  taken  in  choosing  the  proper  metering  valve  areas  for  the 
initial  steady  state  pressure  and  flow  conditions  input  with  the  PUMP52 
subroutine. 
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CARD  NUMBER  1 


COLUMN 

FORMAT 

n 

15 

6-10 

15 

11-15 

15 

16-20 

■ 15  . 

21-25 

15 

26-30 

15 

31-35 

15 

36-40 

15 

41-45 

15 

46-50 

15 

51-55 

15 

56-60 

15 

61-65 

15 

■ 

66-70 

15 

71-75 

15 

76-80 

15 

Component  Number 


Type  Number  = 24 


Number  of  Real  Data  Cards  ■ 3 or  more 


Line  Number  (with  sign)  attached  to  Connection  1 


Line  Number  (with  sign)  attached  to  Connection  2 


Number  of  data  points  in  table. 


Temperature/Pressure  Code  (See  Page  4.0-2) 


EXAMPLE  CARD 


DATA 


DIMENSIONS 


First  Time  Value  (Must  be  O.O"*  } SEC 

(Enter  as  many  time  values  as 
required  using  as  many  columns  and 


cards  as  necessary.  Final  time  must 


APPENDIX  E (CONT.) 

HYTRAN  TECHNICAL  MANUAL  (AFAPL-TR-76-43,  VOL.  II) 

<>.52  SUBROUTINE  PUMP 52 

Subroutine  PUMP51  was  set  up  to  model  a variable  displacement  vane  pump 
of  the  type  used  as  the  main  fuel  pum*  on  the  F-15. 

The  vane  pump  is  a double-acting  pump  with  100  percent  radial  pressure 
balance.  The  Internal  vane  track  contour  provides  for  two  inlet  and  discharge 
ports  per  revolution.  Pump  flow  control  is  achieved  by  hydraulically  coupling 
an  external  metering  valve  to  an  Internal  single  stage  hydraulic  servovalve. 

The  servovalve  regulates  pump  displacement  as  required  to  meet  valve  area 
changes  and  speed  changes.  A schematic  of  the  variable  displacement  vane  pump 
is  shown  in  Figure  6.51-1.  The  pump  is  shown  in  a maximum  flow  condition.  The 
pumping  element  consists  of  a rotor,  vane  and  shaft  assembly  and  two  vane  track 
cam  blocks.  Two  side  plates  at  each  end  (not  shown)  are  required  to  complete  the 

seal  of  the  pump  volume.  A cage  and  unison  ring  assembly  is  used  to  support  the 
cam  blocks  and  control  their  position. 

The  cage  restrains  the  cam  blocks  vertically  while  allowing  horizontal 
motion.  The  horizontal  motion  is  controlled  by  the  angular  position  of  the  unison 
ring  and  the  relationship  between  the  two  inwardly  protruding  surfaces  on  it  and 
the  external  cam  surface  that  contacts  it.  The  volumetric  displacement  of  the  pump 
is  determined  by  the  allowable  vane  accelerations  that  will  Insure  continuous 
vane  contact  with  the  vane  track. 

6.52.1  Math  Model 

To  compute  the  transient  response  of  the  pump,  the  control  characteristics 
are  modeled  using  simplified  calculation  techniques.  The  pump  supplies  fluid 
flow  in  response  to  metering  head  pressure  differential.  Summing  forces  on  the 
flow  control  servo  valve  in  Figure  6.52-1  yields  equation  (1). 

DT (ACCEL)  - (PMH*D(ARVAL)  - D(BVAL)  * VLST  - D(KSPG)  * XLST)/D(MVAL)  (1) 

where 

DT (ACCEL)  - VALVE  ACCELERATION 

FMH  * D(ARVAL)  * CONTROLLING  FORCE  INPUT 

D(BVAL)  » VALVE  DAMPING  COEFFICIENT 

VLST  - PREVIOUS  VALVE  VELOCITY 

D(KSPG)  * VALVE  SPRING  CONSTANT 

XLST  - PREVIOUS  VALVE  POSITION 

D(MVAL)  - VALVE  MASS 
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I 

The  servovalve  displacement  for  the  current  time  step  is  computed  using  j 

a corrected  Euler  method.  The  calculation  of  actuator  flows  is  based  on  a j 

combination  of  the  servovalve  orifice  equations  and  the  volumetric  impedance.  j 

The  exact  formulation  of  equations  changes  depending  on  whether  the  actuator 
is  retracting  - decreasing  pump  outlet  flow,  or  the  actuator  is  extending  - 
increasing  the  pump  outlet  flow. 

An  equivalent  diagram  for  the  flows  entering  and  leaving  an  extending 
actuator  is  shown  in  Figure  6.52-2.  The  pressure  drop  for  the  Q1  flow  is  written 

as 

DT(POUTLT)  - DT(PACTE)  - Q1  + Ql2  *4lvi2  (2) 

A similar  expression  can  be  written  for  the  Q2  flow.  The  subsequent 
quadratic  equations  are  then  solved  to  obtain  Ql  and  Q2,  the  flows  entering  and 
leaving  the  actuator  as  it  is  extending.  The  flow  values  are  doubled  because  ! 

there  are  two  actuators  controlling  the  cams  in  the  pump. 

The  actuator  velocity  is  then  calculated  using  the  equivalent  network 
given  in  Figure  6.52-2.  The  network  is  solved  for  the  piston  velocity  DT(VELACT). 
i A damping  term  and  actuator  load  are  included  in  the  calculation.  The  load  is 

j based  on  the  previous  or  last  time  step  value  of  the  actuator  velocity, 

s'  The  network  accounts  for  the  volumetric  effects  of  the  two  actuator  cavities, 

>,  under  the  assumption  that  a portion  of  the  flow  is  lost  to  or  obtained  from 

these  volumes  due  to  changes  in  pressure  within  the  cavities.  The  basic  network 
| equations  are: 

! • ' 

j DT(VELACT)  * D(AEXT)  --Q1  - DT(BI.'LKE)  * (OPACTE-DT (PACTE) ) (3) 

DT(VELACT)  * D(AFET)  »+Q2  + DT(BULKK)  * (OPACTR-DT (PACTR) ) (4) 

DT(VELACT)  * D(DAMP)  — DT(PACTE)  * D(AEXT)  + DT (PACTR) 

*D(ARET)+A10AD  (5) 

Solving  EQNSO)  and  (4)  for  DT (PACTE)  and  DT (PACTR)  and  substituting  into 
Equation  (5)  yields 

DT(VEUCT)  - FDRIVE  /ZN  (g) 
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where 

FDRIVE  “ §|  + OPACTR*  D(ARET)  - ^ - OPACTE*  D(AEXT)  ALOAD 

ZN  - D(DAMP)  + D(AEXT)  + D(ARET) 

G1  G2 

G1  « DT(BULKE)  / D(a£XT) 

G2  - DT(BULKR)  / D(ARET) 

Once  che  actuator  velocity  is  obtained  the  stroke  is  computed  as: 
DT(ASTROKE)  - DT(ASTROKE)  + (AVELO  + DT(VELACT))*DEI,T/2.  (7) 

where 

AVELO  **  the  previous  time  step  value  of  actuator  velocity 
The  actuator  stroke  is  directly  related  to  pump  flow.  The  actuator  pressures 
may  be  computed  for  the  current  time  step. 

DT(PACTE)  - DT(PACTE)  + (Q1  + /.VELO  * D(AEXT) )/DT(EULKE) 

DT(PACTR)  - DT(PACTR)  + (Q2  - AVELO  * D(ARET))/DT(BULKR) 

Equivalent  circuit  schematics  of  the  pump's  inlet  and  cutlet  are  shown 
in  Figure  3-5-3.  Solvi1  j for  DT(PINLET)  yields 

DT(PINLET)  - (C(L1)/7:(L1)  + DT(PPOUT)  * D(COEPLK)  (8) 

+ DT(QOACT)  - BT(QMAX))/ (1/IZ(L1)  + D(COEPLK)) 

The  pump  outlet  flow  is 

QOUT  * - (DT (QMAX) -D (COEPLK)  *(DT(PPOUT)-DT(PINLET)) 

-DT(QIACT) -DT(BULKO)  *(DT(K'OUT) -OPOUTLT) ) (9) 

and  the  outlet  pressure  is  then 

DT(POUTLT)  - C(L2)  - QOL'T  * Z(L2)  (10) 
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OPACTE  OPACTR 


FIGURE  6.52-2 

ACTUATOR  PRESSURE  AND  FLOW  CIRCUIT  DIAGRAM 


INLET  OUTLET 

FIGURE  6.52-3 

INLET  AND  OUTLET  CIRCUIT  DIAGRAMS 
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6.52-2  ASSUMPTIONS 


The  vane  pump  is  a symmetrical  unit,  thus  actuator  loads  were  assumed 
identical.  Once  the  actuator  flows  were  -*aiculated  they  were  simply  doubled  to 
obtain  the  total  flows  that  were  recycling  through  the  unit.  Friction  and 
stiction  in  the  actuators  were  ignored. 

Tne  pump  internal  leakage  is  assumed  to  be  directly  proportional  to  the  pump 
pressure  rise.  The  model  also  does  not  incorporate  the  high  pressure  relief 
valve  or  the  wash  flow  filter  shown  in  Figure  6.52-1.  The  dynamic  effects  of 
these  elements  are  negligible  during  normal  pump  operation. 

6.52-3  COMPUTATIONS 

1000  SECTION 

In  this  section  pump  constants  are  initialized  for  use  in  the  subroutine. 

1500  SECTION 

Steady  State  Calculations 

The  pump  has  four  connections.  The  two  metering  pressure  connections 
are  handled  as  zero  flow  legs  and  they  are  not  part  of  the  steady  state  flow 
pressure  balance.  Only  the  inlet  and  outlet  connections  are  used. 

The  user  inputs  the  initial  steady  state  pump  outlet  flow,  pressure,  and 
actuator  position  for  the  given  flow.  The  pump  vane  stage  pressure  rise 
is  derived  from  an  equation  incorporating  maximum  and  overboard  flow  and  the 
coefficient  of  pump  leakage. 

DT(PPOUT)  - (DT(QMAX)  - D(QOVBD))/  D (COEPIX) 

To  initialize  the  actuator  pressures  an  iterative  procedure  is  used. 

The  pressures  are  dependent  on  the  actuator  load  at  the  initial  stroke  and  the 
leakage  through  the  servovalve. 

2 PC > SECTION 

Actuator  stroke  and  velocity,  predicted  outlet  pressure,  valve  acceleration, 
velocity  and  displacement,  and  valve  set  spring  pressure  are  initialized  in  the 
2000  section. 

3000  SECTION 

In  the  3000  section,  the  pump  transient  response  is  calculated.  A flow 
chart  for  this  section  is  shown  in  Figure  6.52-4.  First  control  servovalve  flows 
and  pressures  are  computed.  The  valve  acceleration  is  determined  using  a 
force  balance  on  the  spool.  Integrating  the  acceleration  equation  yields  the 
following  equation  for  control  valve  velocity: 


DT(VAVEL)  - VIST  + (DT (ACCEL)  + ALST)*DELT/2.  ’ 

The  integration  of  the  velocity  equation  results  in  an  equation  for  valve  dis- 
placement: 

■ • * * . j ' '''<?■ 

DT(VDIS)  - XLST  + (DT(VAVEL)  + VLST)  * DELT/2. 

If  the  absolute  value  of  the  valve  displacement  is  less  than  the  valve  overlap, 
the  leakage  flow  through  the  valve  is  set  to  zero.'  If  the  valve  displacement  is 

■ t 

greater  than  the  valve  overlap,  the  program  will  compute  orifice  characteristics 
of  the  valve  from  subroutine  INTERP. 

For  decreasing  flow,  (actuator  retracting),  the  program  will  compute 
pressures  and  flows  for  pump  Inlet  and  outlet.  If  the  flow  Is  Increasing, 
(actuator  extending),  another  set  of  equations  is  used  to  calculate  the  pressures 
and  flow  rates.  Actuator  piston  position  is  determined  by  integrating  the 
actuator  velocity  equation.  Pump  fib&  can  ‘then  be  computed  using  the  INTERP 
subroutine.  Equations  relating  leakage  coefficients  and  pump  flows  yield  pump 
inlet  and  outlet  piessures.  A predicted  pump  outlet  pressure  is  computed  for 
the  next  time  step.  The  cam  load  is'c'otnputed  in  subroutine  LUCUP  and  is  a 
function  of  actuator  stroke  and  outlet  pressure.  The  final  step  in  this  section 
defines  the  pressures  and  flows  at  the  inlet  and  outlet  lines  of  the  pump. 
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6.52-4  Variable 

Names 

Name 

Description 

Dimension 

A 

Temporary  Variable 

DT (ACCEL) 

Valve  Acceleration 

IN/SEC**2 

D(AEXT) 

Actuator  Extend  Area 

IN**2 

ALOAD 

East  Actuator  Load 

LBS 

ALST 

Last  Valve  Acceleration 

IN/SEC**2 

D(ARET) 

Actuator  Retract  Arta 

IN**  2 

D(ARVAL) 

Control  Servovalve  Area 

IN**2 

ASIGN 

Sign  of  Valve  Velocity 

ASTRO 

Last  Actuator  Stroke 

IN 

DT(ASTROKE) 

Actuator  Stroke 

IN 

AVDIS 

Absolute  Value  of  Valve  Displacement 

IN 

AVELO 

Last  Actuator  Velocity 

IN/SEC 

B 

Temporary  Variable 

DT(BULKE) 

Actuator  Extend  Compressibility 

PSI 

DT(BULKO) 

Pump  Outlet  Compressibility 

PSI 

D(BVAL) 

Servovalve  Damping 

__ 

D(COEPLK) 

Coefficient  of  Pump  Leakage 

__ 

D(COEVLl) 

Coefficient  of  Valve  Leakage  (Open  Valve) 

CIS/PSI 

D(COEVL2) 

Coefficient  of  Valve  Leakage  (Laminar) 

CIS/PSI 

COEV1 

Temporary  Variable 

— 

CCN 

Temporary  Variable 

__ 

D(DAMP) 

Unison  Ring  Damping  Factor 

LBS/ IN /SEC 

DELTAP 

Temporary  Variable 

— — . 

DELTP 

Temporary  Variable 

FDRIVE 

Temporary  Variable 

FF 

Temporary  Variable 

FRIC 

Actuator  Friction 

LBS 

G1 

Temporary  Variable 

G2 

Temporary  Variable 

— 

r 

Counter 

IE 

Error  Indicator 

IERR 

Error  Indicator 

/ ' 
/ 

/ ' 


Name 


Dimension 


IFAIL 

ILOC 

I LOCI 

D(ISTR) 

ITER 

K 

KSPG 

DT (LOAD) 

LOC 

LI 

L2 

L3 

L4 

D(MAVDIS) 

DT(MHSET) 

D(MIVDIS) 

D(MSTROKE) 

D(MVAL) 

N 

L(NAST) 

L(NPR) 

I.(NVDIS) 

OPACTE 

OPACTR 

OPOUTI.T 

OQ1 

OQ2 

DT(PACTE) 
DT(PACTR) 
DT (FINLEY) 
PKH 

DT(POUTLT) 

DT(PPOUT) 

D(PRESS) 


, . ..  Description 
Iteration  Fail  Indicator 
Array  Location  Indicator 
Array  Location  .Indicator 
Initial  Actuator  Position 
Iteration  Counter 
Counter 
Spring  Rate 
Actuator  Load 
Array  Location  Indicator 
Dummy  Variable 
Dummy  Variable 
Dummy  Variable 
Dummy  Variable 
Maximum  Valve  Displacement 
Servovalve  Set  Spring  Pressure 
Minimum  Valve  Displacement 
Maximum  Actuator  Stroke 
Servovalve  Mass 
Counter 

Number  of  Tabulated  Actuator  Strokes 

Number  of  Reference  Load  Pressures 

Number  of  Tabulated  Valve  Displacements 

Last  Actuator  Extend  Pressure 

Last  Actuator  Retract  Pressure 

Last  Outlet  Pressure 

Temporary  Variable 

Temporary  Variable 

Extend  Actuator  Pressure 

Retract  Actuator  Pressure 

Inlet  Pressure 

Sense  Line  Pressure  Differential 
fait. let  Pressure 
Predicted  Outlet  Pressure 
Pump  Outlet  Pressure 


III.  - 


LBS /IN  ' 
LBS 


IN  . 

. • ; 

IN 

IN  . r,,- 

(LBS-SEC**2) /IN 


PSI 

PSI 

PSI 


psr 
PSI  , 
psr 
PS  ID 
PSI 
PSI 

psr 


Name 

Description 

Dimension 

D(PRPM) 

Pump  RPM 

REV/hIN 

QAREA 

Servovalve  Opening  Area 

IN**2 

DT(QAREAl) 

Valve  Orifice  Constant 

DT(QIACT) 

Plow  to  Actuator 

CIS 

QLOSS 

Temporary  Variable 

DT(QMAX) 

Maximum  Pump  Flow 

CIS 

DT(QOACT) 

Plow  from  Actuator 

CIS 

QOUT 

Plow  Out  of  Pump 

CIS 

D(QOVtW) 

Initial  Pump  Outlet  Flow 

CIS 

QPump 

Temporary  Variable 

Ql 

Temporary  Variable 

__ 

Q2 

Temporary  Variable 

B(SPLOAD) 

Spring  Preload 

LBS 

DT(VDIS) 

Valve  Displacement 

IK 

DT (VELACT) 

Actuator  Velocity 

IN/SEC 

VLST 

Last  Valve  Velocity 

IN/SEC 

D(VOLAP) 

Servovalve  Overlap 

IN 

D(VOLE) 

Extend  Actuator  Volume  at  Zero  Stroke 

IN**  3 

D(VOLOUT) 

Outlet  Volume 

IN**3 

D(VOLR) 

Retract  Actuator  Volume  at  Zero  Stroke 

IN**3 

XDD 

Temporary  Variable 

__ 

XDDS 

Temporary  Variable 

XIST 

Last  Valve  Displacement 

IN 

ZN 

Temporary  Variable 
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6.52-5  LISTING 


THIS  PAGE  IS  BEST  QUALITY  mCTICABL* 
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C 0 VAFIAPLE  INTEGERS 

I ►>  T t C " P APVAL  .5  3LrAn,  3VAL  »CT-_  WL1  .COK  VL?  . ACXT#  APF  TtOAiP.  VC  LAo. 

1 VOLF. VPLP.V3L JUT. PR Pi.CLF oiK. anveO. POP'S. CCP AX 
C PT  VAOLAPLc  INTEGERS  , 

TNTFGtR  ACCPL.VAVcL.VDIS.PACT  = , PACTS.  BU  LK F » EUL* R » VF L AC T . 

1 POI'TLT.  i IM  * T,  ASTROK  p , POLKT.  OH  AX  . P°OUT  .CIACT.CPACT.  3 AR  F A 1 
C D f 1 ARRAY  ***** 

DATA  APVuL/l/.P  SPG / '!’/. SPL0AC/?/»M\/AL/A/,BVALA5/»Cn=VL  1/6  7. 

1 I VP  t ' / 7 / » M A V!)  I S / • / , ALYT  / P / , lPFT/10/.FSTPrXF/ll/.DA'TP/l2/. 

7 VU  LAo/13/, VULo/lo/.V/ll  3 / lri/.Pop-/l6/.CCtPlK/I7/»IST?/],l/. 

3 Cni.  VL?/19/,vniOUT/2J/,cnv3D/21/.PRt  SS/22/.CQHAX/P3/ 

C DT(  1 > Af.R  AY  ***** 

PATA  ACCrL  /l/,VAV-L/7/,VPIS/7/,MrtGFT/4/,PACTE/5/»PACTR/6/. 

1 3ULKF  /7  / .BULK’  / H/,  PI'ILF  T /o  / . ' OUTL  T/if  / , V'L  APT  / 1 1/.  AS  TROK  t /l?  / . 

7 ponUT/13/,lUA'}/l<./,'*,)LKC/15/.'.*AX/l6/»  C I AC  T / 1 7 / , or>AC  T / 1 3 / 

3 .CAP'Al/17/ 

C L(  ) ARRAY 

DATA  RVPrs/R/.SAST/fc/.\'0K/7/ 

c "•••■■ 

c 

Tr  f I E N T P.  I IP  30. 7000. 3000 

♦ 100C  Sf  CTION 

1 COf  CONTINUE 

IF  ( I N f L . N t • 3 ) OC  TU  1RC0 
DC  1001  1=1, 2A 
1 3C  1 n T (!) = G . D 

N*K Tt  HP ( INO  ) 

fFCN.LT, 11)  N = N ♦ 1 0 

CCS  PI  PAD ) = 0( S PLCA?) /T  C AOVAL  ) 

p co of vi  n*ofc<hVi.n*c7nBnn<w) 

DC  djpm  =n(  prpm  ) /6o. 

•MDPF  VL?  > = D.CCnr  VL7  l Ml  2.*PU0<  N)*  VISC  t*  ) > 

PTC  Pt.'L  F o ) * 3 ( VPL'DHT  ) /(  BUI*  (N  ) Ot  L T ) 

L 0'S  = «.  ( N A S T ) t 7 ^ , L ( K:  p 3 ) . t ( N A s T ) * l ( M PR  ) 

CALL  INT^PPCOC  ISTRJ.Cf?'  l.OCLGCl.lO.LCNASn.CPUMP.IFRRI 
OT  f 0 F A X ) * 0 P U “ s * 0 ( P O dm  ) 

OT  C PPDU  T ) * 3 T C OH  A X )«.?■>  /O  c COr  0 LK  ) 

CPUF  F--0  C acr’O  ) ♦ CC  ( PRF  SS  Tr65  . )*0(  CCr  PLF  1 
PT(  0>'U  ) *0  ( C J M A X ) 

PTC FPQUT)*?<PR=SS) 

RETURN 

**♦  STEADY  STATF  CALCULATION  SECTION 

♦ T NO  * C 3 F P UN  F F T » ./Nt  L*COf’NFC  T ION  »»IVtl*LFG  » 

**♦  T*3“  INLET  IS  A NOPAL  POINT  I n f4c  >YSTF« 

15C0  TFC  KNFL-.7)  151  0.  1620. 1530 
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6.52-  5 LISTING  (CONTINUED) 


JB1S  PAGE  IS  BEST  QUALTH  FEACTICABIi! 
)H0fl  004*1  fURJUSrllSD  TO  DDC " 


1510 


o t < ° i mi  ? t»  * t>3L L ■' n > m 
I f r cr  (pi-JL1-  n .l  r.30.  iokpinl- t»*3g. 

03  tfi  ]60C 


«**  r cTtPHIK-:  PUNP  OUTLET  PRFSSUPC 

I 5?C  IFUNX.Nr.il  0 0 TC  1700 

0 1 m « P 0 L C (1  N f l » 1 1 * p 0 1 E G ( I N 5 l . ? 1 
FPO'IT*DT(PPOUT> 

IP(OIN.rT.DT(onA*l»OIN«RTCOPAX) 

on  p®mjTi»ir>i » onaxi-o  ini  /oicoeplk  » 

OTf  op  run*.  5*  <DT(  00  OUT  l^S^OOT  ) 

etc  ppoun*  icr  to  MAX) -■?  t o ci  v a 3 1 i/dccofpl*  » 

POL  PGf  I Nc  L » 5 1 * c 31  FG  f l Nfcl t ) ♦ 0 T ( PPOU  T 1 
ICS  ( INF  L,  7>  = j> 

POL  FO ( I Nt  L « 11 l*PCLcG< I Net  * 11 l*3T(P?0UT) 

FIT  I POUT  l T)*POLFG( INFL  » ill 

on  to  l^co 

♦ INI  T I At  I Tt  3 r R V>VAL  Vc  PPfcSVJOFS 

1530  CONTTNCF 

TFfKNH  .FC.3IPFTUPN 

L r'C  * l (NAS  T I ♦ L (N.PO  1*  25*1  ( N A S T ' ♦ L (NPR  ) 

OP'l»P:'>T(CM/.X)/'>fPP“«) 

CALL  INT  Rp(0PU1P*D(L  JC  1 , Of  2 * ) , i 0.  L t NAS  T > » PT  < AS  T*  CKf  1.IFPP1 
XA< l) *0 ( TSTP  » 

x a ( 2 ) * r i ( p ou  r i n 

CAM  L^AC  FUNCTION 
ILCC*L  »NAS  T ‘♦?5*lf.NPP  1 

CAU  LUCUPfNr'.L(NAST)»D(25»»O(ILOC»*XA(n,rT(L0AM,K,IFfNFXTP) 

I F ( r 1 ( L C a; ) . L T . 0 . 0 > OT  f L PAD 1 * 0 . 0 

PT(L0A0)=rrfL0A01/?. 

♦ ACTUATOR  PRfc SSURc  3 
I TP  P * 1 

,:n  pact-  f^co. 

C- 1 * 0 C C OE  V L > / 0 < VOL  A P I 
01*1. 
no  i * i . 

00?  * 1 . 

I I A 0 CONTINUE 

rT(PACTRl*<OT(P4Crc»*0(ACXTl-OT(LrAOI»/r(APFTI 
rFLTAP’OTfPACTPl-DTfPACTF  ) 

OL03S*01*fOfAPCT)/0(AFXT)-l«i 

CTf  PAC  H ) * f Gl*  f CT(  P INLET  ) *0  T C POUTL  T ) >♦  OLTSS-CFL  TAP*C-1  ) /(?  . * G 1 I 
0 1 * ( 0 T { r OU  r L T ) - 0 T(  p A T F ’>  ) * C 1 
0?*  (OTf  PACTf  1-PTC  PIMi  p f M Pt  l TAPHG1 
IF  A TL  =0 

IF  f (*6?  < 0 1-00  1)  / f 1 .*01  ) .C,T  .0.001)  IF  All  * 1 
I F { A P F ( 02-nQ?  ) / ( 1 ,«0?  » .GT.P. 301  ) If  SH'l 

Ir(  IF  Alt.  .rQ.OIGT  TP  1/00 

oi*  ( r.oi  +oi » r> . 

02*  (f’O?  »o?  » /? . 
ro’  'o  i 
00? =02 
IT??*!  r 1 1?  ♦ i 

IFf  IT- p , G I . ? 5 I GO  TO  1*90 
f.r  If:  It  40 

1 ‘,30  W'T  TF  f 5.  O50HT  - R.T'Tf  p ACTP  »>  OTI  FAC  TRI.C1 .02 
0*0  FPP^AVn  X.  110.4  C1  2.5  i 
1600  P'TUFN 
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6.52-5  LISTING  (CONTINUED) 


IBIS  PICK  IS  BEST  QUALITY  mWICABU 
raoa  oofy  juroishbd  to  doc  — - 


if  l'  V WR  I T E ( fc  * 1 M 00  1 numuru  I'ri 
*>0t  POPMATt  5X.ADH  CALL  St  OUCNCc  EP50P  QFTFCIFO  IN  COMPONENT  NT 
1 CCNt' -C  Tins  NO  .I5.7H  LEG  NT  .15) 

WRI  TF 

<H3  F O^r.  AT  I i3X»33HPP0GPAK  STCP  IN  SUaROUTINF  »UMP5?) 

'T"P  A052 

♦**  ?P00  SECTION 

TOCO  CnNlTNU5- 

rrusTRCKnousiR) 
nrr  prnuT  )*dt<  an'jTi  r ) 

0TI Vfc l AC  T ) *0 .0 
OT ( VC  I S )=C.O 
OTUCCtL  1*0.0 
DTI  V* VtL 1 *0.0 
DTt KHSF  T »*P IL (3  » l-PCL  * 5) 1 
writhe  * .nodoi  nr<n.i*i.i<n 
0000  FORMAT!  Jt , ICE  1?.  5) 

PCTURN 

♦ ♦♦  3000  S - C T T : N 
,3000  CONTINUE. 

i CALCUlATt  7FANSTFNT  respqnsc  of  pump 

11  * L III 
L ?*  L 1 ? 1 
L 3 * L 1 3 ' 

15*L<«.) 

; W?T  IF  »9C0l°(Ll 1.  P(L?  1.PCL3) . P ( LA  ) . 0(  L 1 ) . C(  L?  ) » CU  3 t »0<IA) 

: ♦ tC  It  1 i*CIL2)»C<L3)»C(lA) 

FRTC*0. 0 
ALST*DTt ACCEL) 

VLS  T = 0T ( VAVFL 1 
XLS  T«*0T  t VO  I S > 

AV'L0*"t( VtL ACT) 

ASTRC*CTI ASTTGKE ) 

0°0UTL  T * 0 T ? °0UT  L T ) 

ALOAniCT(LOAO) 

l.0C*L(  )AST)  + LIN?R)»’5*L(NAST)*L(NPP) 

: **♦  ACTUATOR  COMoog  ss  TOIL  ITT  effects 

DTt  P"L*F  ) = < C ( VF’LF  (-ASTPC  + CT  A : XT  ) ) M9ULKtKTFKP  (INC)  )*OcLT) 

DT<  PULKP )» (Ct  VOIP >*AS TRC*C(  A Pc T i > / < BU l * ( K T F K P ( I NO  ) ) *0C L T ) 
PPACT  t 'DT  (»aCTE  ) ♦r>T  ( VE  t ACT  )*0(  At  *T  ) / DT  T P.ULKE  ) 

OP&CTP*  OT (PACTP  >~DT *VELACT)*0* APF  T) /CTT  PULKP ) 

0 1 L ? ) = - VLS  TO!  A’VAL  ) 

0(L  A)*~Q(L3> 

I F { 0TL3)  .f 0.0.0 >0(LA) *0.0 
P I L 3 ) * C {L3)-ML?)*0(.L3) 

PfL  A ) *C  t L A ) ~7  Ti  A ) *C  ( L A 1 
0T{ »HSC T) *Pf L 3 ) -PCLA) 

P»M*r ( SPLOAD ) ~t  P( L3 )-P IL  A ) ) 

TFt  AB  S * P '*H  ).  L T.  2. 0)3MH*>  0.0 

OTC  ACCEl  I*  ! P mm*  o c A R ■/  A L i~D  ? B V A L ) * VI  S T-D  C KSP  C- ) * XLS  T ) /D<  KVAL  ) 
IF<  A9S  < PTT  ACCEL  M .1 E .0.00001 ) DT  t ACC  £ L » * C .0 
07{  V A V E L > « VLSTM  Cl  T -i  ACCEL  ) * A L X T > * 0 1 L T / 2 . 

TFT  APSTC-TTVAVEL  ) ) ,IE. 0.000*0  II DT* VAVcl * «0. « 

"T  < VD  IS  ) *Yl.S  T*  t DT(  V A ¥ E l )*VIF.  T)*0tLl/7. 

CALL  XLIMITIDTIVOIS). DT C VAVEl ) . AS  I G«r D I M I VO  1 5 ) , C * MA VD IS) ) ' 

IF  ( OT  t V A V 1 1 ) ,-=  0 . 0 , 0 S D ? f AC  CH  1*0.0 

IF  (DTt  VOTSl.LF  ,D(  vriLAP).AND.OT(VOIS)  .OP  .-*(  V.'>L  A P ) )G0  TD  3010 


INO.KNFL.INFl, 
CALL  St  OUCNCc  ti 
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6.52-5  LISTING  (CONTINUED) 


£ ♦♦*  VALVf  AP FA  FUNCTION 
C 

line  »LOC*l CNAST  ) 

IL0C1 * ILOCU CNVOIS) 

A VO  IS  = A PS  ( C T ( VO  IS  ) ) 

CALL  INTcPOUVUIS.0<ILOC).0<  Itrci).  10»t(NVDIS)»OAREA,IERR) 
co- vi = r (Coe vl i )*o apea 
0T( QARC  A1 )*CCCV1 

TF(OT  CVOI$).GT.D(VntAP))Gl!  T f!  jOZO 


OFC  RFASING  FLOW  - ACTUATOR  R = TP  AC  T I NG  ( ♦ DIP) 

a * ( i.  /cntvn**2 

R * 1 • / 3 T ( Q U L K 5f  ) 

C nN»r d AC Tf-PT<P INLET) 

IFCCCN.LT.O.  > CON-O. 
gg]  01M-e*S0PTC9**?  + A.*A*CON))/<2.*A) 

"T< CCACT  » -2 . * 0 1 
01*-C1 

Ral/rTJPUlKP) 

C ON  *rt  T ( POUT  l n-OPACTR 
IF(CnN.LI.O.  ) COM*0. 
qg?  c?*  C-paSCRTC  0 * * Z ♦ 4 . * A ♦ CON  ) >/<?.* A) 

HT( CIAC T >»2.*C2 
Gn  T 0 3C3C 

♦ **  INCREASING  fl  rw  - ACTUATOR  ^XTENOTNGC-  DIP) 


3 02  C c TINT  I NU* 

A»n./coFvi)**2 

. /CTC cUt Kr  ) 

C ON 1 D T ( POU  T L T )-OP«CTt 
If  ICON, l T.O.  ) C 0*1  * 0 • 
gg?  01»C-8aSGRTC,**?*A.*A*C0N))ZC?»*A) 
0TC0IACT)=2.*Q1 
R*l ./OT { 8UIKP > 

C ON  = CiP  AC  TR-DT  { PTNLrT) 

IFCCON.LT. 0. ) C0N=0. 

9<H  02»(~'1>SOKT(^**B*A.*A*CnN))/<P.*i) 

0 T ( OnACTM?.*OZ 

o?=-c? 

GO  TO  3030 

*♦*  C ON  PU  T c VALVE  LEAKAGE  FLOWS 


3 CIO  CONTINUF 

CTC 01  AC T ) * 0 . 0 
OTC  OC  AC  T ) * 0.  0 
01=C.0 
02=  C. 0 

3 0? 0 CONTI NUC 

Gl»rT'(3ULN?)/PCAL:XT) 

C p = r T ( PULPP) /DC A = rT  ) 

ZN=r<DAP?)+CCAPXT)/GU0CARFn/G2 

DfLTP*O?/r.?  + nPACTP  + 0 CARET) -0  1/G]-0PACTt*D(AF  XT) 

FOR  IVF*PFLTP*  HOAD 
CTC  V f l A C T ) = F D 5 IV  *-  / Z N 

CAL  l CFPIC (FDR  I VF ,FF>  3TC  VFt ACT  >. AVFtn#  Xf"D»XDDS»FRrC»l..l.) 
IFC  ASS  COTC Vcl AC  T) ) .LT.0.C1 ?0T  C VFLACT)=0.0 

*♦*  ACTUATC-R  PISTON  POSITION 


OTC  ASTPOkc  )*DT  C ASTROKF  )♦  C AVOLO«-OT  C Vt  LACT)  )*CFLT/Z. 

C ALL  X!  I"I  TCOTC  AS  TROKF  >,  PTC  V:‘  L ACT  > t A$IGN*0.0»  (M^STRCmi  ) 


nnn  nnn  non  non 


6.52-5  LISTING  (CONTiLTUED) 


ISIS  IMS  IS 

mOK  OOP*  fUKalSHK)  TO  ucc  - 


DTf  PACTF  1-OTfPACTEUf  Ol«-AVFL()*0f  AEXT)>/DTf  BULXb  I 
0T(PACTR)«0T<  PACTP  >♦<  02-AVELOPDf ARET)  I/OTOUIKPI 

♦ ♦♦  PIJ“P  FLCW 

CALL  IKTFRP»OT(  ASTROKF  »,0«2  5I.D(LCC>»10»L(NAST)*CPUP®»UPP  » 

0 T < 0 A* * X 1 * C € PR  PK>  *OPUP  P 

DTf  ASTRtiKE)-?.OTf  AS1  R0*E)-ASTR0 

***  PU^P  INLET  PRESSURE 

CTC  PINLf  T)*IC<Lll/2(Ln+0TCPPnuT»*0«CCEPLKI*LT(OrACT) 

♦ -0T(0HAX)»/(1./Z<L1)*0IC0?PLKM 

***  PUN P OUTLET  pressure 

OOUT--ICT<  OfUX)-DfCOFPLK)*(DTtPPOUn-D  TIP  INLET  ) ) -DT ( 0 1 AC  T ) 

♦ -0T(3ULK0)*(0T(PPQUT )-0P0UTl T) ) 

DTf  P0UUTi«C(l2  )-or)UT*Z(L21 

n?(  ppouT>*<rT<P3uun  ♦cpourcT  uz. 

***  CAN  load  function 

XAI1I -CTUSTROKp  ) 

VAf?  |«OT<  POUTLT  ) 

IL0C»lfNAST)*?5H  fNPR  ) 

CALL  LUCUPfNO.LfNAS  T ) » 0 f 2 5 > . Of  ILOC  »,XAf  1 ) . DT f LEAP ) . K,  It  ,NE  XTP  1 
IF  (DT  (L'''«  3 ).LT.  0.0)01  (LCA0> -0.0 

DmoAci-nmoAO)  n. 

• OFF  INF  PU*P  EXTERNAL  PARAMETERS 

P(Ll)-DTf PTNLETI 
QIL1I»«C<L1I-PCL1 
PflZ)-CTfP3UTLT I 
0 ( L 2 ) - OtilJT 

TFf  T.LT  .0.05)WPITE(6*  9000  ) t DT  f I). 1*1.19) 

VRTTFf N,9oO)Cfll ) .CI12).C(13)  . C f l <• ) . Q 1 . C2.  CFUMP  , P 1 1 1 ) , F tl  ? ) 

♦ ,Pfl3).PflM.0fLl),0fL2)»0fl3)»Qfl*> 
or 0 FOR  PAT  fix. 10c 12. 5) 

RETURN 

fno 


APPENDIX  F 


HYDRAULIC  MOTOR  MODELS 
HSFR  USER  MANUAL  (AFAPL-TR-76-43,  VOL.  Ill) 


The  motor  is  identified  as  an  NTYPE  "9"  element,  with  a KTYPE  designator 

l 

of  "25".  The  motor  model  should  always  he  the  first  element  in  the  system.  j 

The  piston  motor  model  is  based  on  the  axial  piston  pump  model  and  it  j 

requires  similar  input  data.  Three  data  cards  are  required  in  the  sequence  des- 
cribed in  the  following  pages.  Figures  2-8  and  2-9  should  be  referred  to  for 
the  physical  description  data.  Physical  data  for  a given  motor  is  read  into  j 

. ( i 

the  element  data  list  in  the  same  manner  as  for  the  other  system  elements. 

Motor  outlet  pressure  is  input  on  the  second  general  control  data  record  (para.  ; 

2.2).  Motor  inlet  pressure  is  input  on  the  second  motor  data  record. 


card  number  i 


COLUMN 

FORMAT 

DATA 

1-5 

15 

NTYPE  = 9 

6-10 

15 

11-20 

E10.0 

R1  - Cylinder  Slot  Radius 

21-30 

E10.0 

SLOTW  ■ Cylinder  Slot  Width 

31-40 

E10.0 

RV  * Cylinder  and  Valve  Plate  Slot  Center- 
line  Radius 

41-50 

E10.0 

RBORC  - Cylinder  Centerline  Radius 

51-60 

E10.0 

DIAPIS  - Piston  Diameter 

61-70 

E10.0 

POVOL  » Oil  Volume  Between  Piston  at  Mid- 
stroke and  Port  Face 

71-80 

E10.0 

R2  * Valve  Plate  Outlet  Slot  Radius 

DIMENSIONS 


IN 


IN 


IN**3 


IN 


EXAMPLE  CARD 


CARD  NUMBER 


column 

FORMAT 

DA1A 

DIMENSIONS  I 

i 

1-10 

E10.0 

■ 

R4  *■  "alve  Flate  Inlet  Slot  Radius 

» 

IN 

11-20 

E10.0 

SWASH  = SWASH  Angle 

DEC 

21-30 

E10.0 

Motor  Internal  Leakage  to  Case  at 
TLEAK  =*  Steady  State  Pressure 

CIS 

31-40 

EI0.0 

THPRS  = Valve  Plate  Outlet  Slot  Start 

Angle 

- ■■  ■ ■ ..  ■■  --  ...  ...  . . - 

DEC 

41-30 

E10.0 

THPRE  = Valve  "late  Outlet  Slot  End 

Angle 

DEC 

31-60 

E10.0 

THSUCS  ' Valve  Plate  Inlet  Slot  Start 

Angle 

DEC 

61-70 

F.10.0 

THSUCE  = Valve  Plate  Inlet  Slot  End 

Angle 

DEC 

LPRESS  = Motor  Inlet  Steady  State 

pcTr 

7 1-80 

i-  - — 

E10.0 

— — 

Pressure 

j 

EXAMPLE  CARD 


MnJ  #trok«  oli  volume  (PO  VOL)  It  th«  volume  totw— n ttM  port 
fmcm  »nd  th«  bottom  of  tho  hollow  piston. 


OUTLET  SLOT  - 


ROTATION 

FIGURE  2-9 

MOTOR  VALVE  PLATE  PARAMETERS 


APPENDIX  F (CONT.) 


HSFR  TECHNICAL  MANUAL  (AFAtL-TR-76-43,  VOL.  IV) 

4.16  MOTOR  SUBROUTINE 

4.16.1  Introduction  and  Flow  Diagram 

SUBROUTINE  MOTOR  Is  a general,  detailed  model  of  a rotating,  axial, 
nine  piston,  constant  displacement  hydraulic  motor.  The  model  computes 
dynamic  Inlet  and  outlet  pressures  and  flows.  The  main  program  calculates  the 
hargenJc  load  impedances  of  the  rest  of  the  circuit,  and  this  provides  the 
linear  phase  and  gain  relationship  between  the  harmonic  flows  into  and  from 
the  loads  and  the  corresponding  pressures  across  the  loads  in  the  frequency 
domain.  A pressure  and  flow  balance  is  performed  in  the  time  domain  between 
the  motor  and  system.  A check  of  the  balance  is  performed  in  the  frequency 
domain. 

The  motor  model  considers  valving  areas,  precompression,  decompression, 
fluid  bulk  modulus,  and  piston  motion.  Piston  pressure  at  the  beginning  of  pre- 
compression is  assumed  constant  and  equal  to  the  input  steady  state  inlet  pressure 
Piston  pressure  is  then  calculated  continuously  for  the  full  motor  revolution. 

Figure  4-9  is  a general  flow  chart  of  the  MOTOR  subroutine.  The  specifica- 
tion section  includes  initialization  of  variables  from  input  data  and  the  cal- 
culation of  several  constants.  At  the  start  RPM  the  motor  indexing  variables  are 
calculated  for  the  plate  porting  and  the  valve  port  areas  are  computed  for  a 
full  360°  revolution.  In  Section  2,  the  precompression  pressures  are  computed 
followed  by  the  calculation  of  mctor  outlet  flow.  A Fourier  analysis  is  performed 
to  calculate  harmonic  flows  up  through  the  harmonic  of  interest.  Harmonic  pressur 
and  flow  art  then  balanced  dynamically  by  reconstructing  the  time  dependent  outlet 
pressure  and  recomputing  flow  from  Section  3, 

For  the  inlet  side,  piston  decompression  and  inlet  flow  are  calculated. 

A Fourier  analysis  of  inlet  flow  is  performed,  followed  by  dynamic  balancing  of 
inlet  flow  with  the  supply  system  load.  Inlet  and  outlet  flow  and  pressure 
for  the  harmonic  of  interest  are  returned  to  the  main  program. 

The  MOTOR  subroutine  is  divided  into  eleven  sections.  Each  section  is 
discussed  and  a listing  of  that  section  is  presented  individually  in  subsequent 
paragraphs. 

4.16.1.1  Vari^Jble  JJames  - The  variable  names  used  in  the  MOTOR  subroutine 

are  the  same  and  have  the  identical  meaning  as  those  used  in  the  PUMP  subroutine. 
Some  of  the  ?TJMP  variables  have  been  deleted.  The  variables  are  discussed  in 
the  PITiP  subroutine  paragraph  4.1.6. 
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FROM  MAIN  PROGRAM 


FIGURE  h ~ 9 

HSFR  COMPUTER  PROGRAM 
Motor  Subroutine  Flow  Chart 
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TO  MAIN  PROOF*  \M 


0»7»  gw  »i 

FIGURE  4-9(Cont;nued) 

HSFR  COMPUTER  PROGRAM 
Motor  Subroutine  Flow  Char; 
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4.16.1.2  Specifications  and  Initialization  - Listing 


i 

c 

c 

o 


r 

C 

c 


SUBROUTINE  MOTOR  ( WSTART#Y#  ?IR#NHARN#<>RES$»WINe#PlSTNn» 
♦ N I *4L T»  Z- P » 


♦VARIABLE  TYRES#  DIMENSIONS#  COMMONALITY* 

REAL  l08ESS#LVrL.LrAt'#LKl»LK2»LK3,tK4#LK6#LK«#LK7#LKP 

Pf AL  tPRFSP»lPSESO 

COMPLEX  PETa#G #P#0,2#m,ZV 

COMPLEX  Ct> I0#7IP#P3»ZAP 

COMPLEX  FCl#PQJ,(ZEO,P31I#FOiT 

COMMON  S£TA*G,s#0#7#  X BE # 6^ R, 3E I # RCR P# BE  IP# PHP, BULK, VOL > V# VISC # P AR 
IN# PI#  IEt#NEL#KTYPEUO> 

D HENS* OK  C(2»?#40)#P4RmCP,AD),o<4C)»0(40I»Z(40I 
PIMENJHK  OOT(Pl»#PPT(£l  )#OCFCm»»OOFSm>#PPM(il)  »PPP(11) 
rlMrNSTOK  PP<K) # C& { 6i #£)P (SI) 

OIMENSir-N  7IP.10),  »ZAP(  10) 

Xll‘!i  VAPtAUUO 

C01(10»3)#PLlUo#T),?e0n0)#ET»(lC) 

pisP»THc-i.coiTfli)#ppi(Pi) 

...  r._..  0IFCU1>#0TPS(  ll)»c0imC»3J»PC'l!(H#5) 

OATA  \>AR£  4/1400*0. 0/#PISPPM400*C.C/ 

♦S31UTICN  METHOD* 


DIMENSION 

DIMENSION 

DIMENSION 

DIMENSION 


♦initialize  variables  from  input  data  cr  main  program* 

7, F(Y*NG«WSTART)  GO  TO  1*0 
ftl-PAPMU?l) 

SLOTM«P AS M ( ?» ! ) 

Waimun,  i, 

DIAPIS-PAPKS.l) 

POVOL«PAPM<fc#l ) 

SMASH. PARM(?,Nri+l) 

TLEAK-PAPM<3,NEUl) 

THPRS*PAPM(  , N£  (_  ♦!  J 
THRRE»PAPMH»NElTl  i 
THSUCS*PAPH(6#klEl  *1> 

THSUCt"<PAPM{7*NF  t + l ) 

LRRESv*PAPH{«#K£t#l) 

CPRESS*PAR«a#NFt*T> 

CSPP.ES«Papn(?>kel#?; 

ASMASHbSV«SH/57.3 

kdpist-Hstno 

SlTHAf<«(  AS  IN?  Sintw/f?.  *PV>  > >*5  7.3 

SiCS:H  P£:li:  Sil  T318;f  SECSsWI&i  f f ?SsS:ilIg9SAii . 


{joKitn  TfACXlCA-^* 

JETS  FAOK 1SBE  - deQ  - . 

TROS  t»ntws»^1 
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4.16.2  Sect  Ion  1 - Valve  Area  Calculation 

Figures  4-10  and  4-11  illustrate  the  modeling  parameters  for  a tvpical 
aircraft  rotating  piston  hydraulic  motor,  including  those  required  fot  area 
calculation-.. 

Section  1 of  the  motor  model  is  identical  to  Section  1 Of  the  pump 
model.  Consult  paragraph  4.2  for  a description  of  this  section. 

4.16.2.1  Section  1 - Listing 


SECTrpN  1 VALVE  AREA  CALCULATION  nnp  CULL  36(,  DEGREES  REVOLUTION 


COMPOTE  VALVING  INOFX  POSITIONS  FOP  EIGHTY  FLOW  INCREMENTS 

AlNC-4.5/PrSTNO 
NPRSCP«( THPPS-SL TM«G)/AINC*1. 

APROP-  (ThPPS  + SLTHAf.  J/AINC  + l. 

N PR  SCI  * t l|i0.-THPPr-Sl  Tma  C > / fi  I MC  ♦ 2 . 

' FPRCL-U60.-THPP  *Sl.  THAG  l/AINCM. 

NSUSCl  * (2  60.-H SI  CE-SLTHAG)  /APIC-H. 

NS  lie  I «(  36  V ..-THSUCE+SLTHAG  M A INC 
CO  40c  NDFG«1»NPPS0P 

V A P E A ( N n F G ) « o . 0 
4CC-  C ON  T I NOE 

P 3 • p 1 

IF (PI,  G T.o?)  R 3 “P  9 
NDl»NPPSrP+l 
n o ? » n P o n r-  - 1 
CO'SH’  NrFONDl.NO? 

ANG«(»OFG-NPPSO&)tAlNC/57.3 

PVX  ■AFC-  * pV 

I F( p V*.GT. SI htw ) PVX-SLOTW 

Du-°ltpP  -PVX 

IF ( R 0 , t E.C.C1)  GO  TO  41C 

ALt>MA«iPt'»*?-Oi**2+P2**2)/{P.J*PL*P?) 

ABcTA»(P0**?*»1**?-p?*+?1/(?.0*PC*P1> 

IF!ALPHA,GT,,<?o{J9.0P.AOFTA.GT..()cqo)  r,fl  TO  420 

ABFTA  »AC0S  (ABETA) 

AljCTA-APCnSf  APFTA) 

ALOt'A'ACTS  (ALPHA) 

:?4C  Al3HA«ARCr'S(Al.  PHA) 

A V A P f A * P 1 * « 1 * ( A i!  E T A-S  I N { A P - T A ) *C  0 0 (4  6 T A )) 

VAR£  A( NPEG ) «P2*R  2+ ( ALPHA-S  TN( ALPMAi *C0S( ALPHA  N + AVARE A 
GO  TO  *>Cf 
*10  CONTINUE 

V A * F A ( »•  C f G ) • C . 5*  P I » • > 1 * P 1 ♦ R 2 *P  ? ) - 2 . C ♦ RC  *R  3 

GO  fc  500 

a ?c  v ape  a g i-o.c 

' CG  CONTINUE 

no  b 5 c n r r g « n p p o r t a n p s c l 

VAPEA(N:.’FG>"PI*(P3**21*-tSLOTw-?.*P3)*?.*P3 

r6C  CONTINUt 

f j n 3 * N P P 3 C L * 3 

N 5 4 * c P P C L - 1 

1*1 

pn  600  NPCG »ND3>  NH4 

VARE  A (NOE  G>  -VAPF  A(  ►•■PPTF-I  ‘ .«*<$• 

i-m  wi  *• 

MO  fPNTTMlF 
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60  650  &DFG«»NPPCl  »KSUS0P 

VAREAINDEGI-O.O 

CONTINUE 

iFiPl.GT.p^)  aa-P6 
ND5«NSUS0Pfl 
N06-NSUOP-1 
DO  7< 


Ki 


IRIS  PAG®  IS  BEST  QUALITY  rTACTlCASl* 

fhqs  oon  nraausFJSD  ro  dcq  „ 


70C  NDFG«ND5»KD6 

vx:i"E^'vNSUSnp,+ArNC/57*3 

IF(RVX.GT.SLnTW>  RVX-SLOTW 
P0*Ri-*R2-RVX 
IF(RO.lE.O.Cl)  GO  TO  66C 
ALPH4»(PC*P2~»lf*2^P2**7  ) / ( 2.  Q*Pf.*P  2 ) 

A8ETA«< Rt**2+Pl**2“P2**2 > / < 2 . C*R C*P 1 > 

IFC  ALPHA,  GT.  469*39.  PR.  4BFTA.OT,.<»‘J<5<J)  GO  TO  670 
ABETA-ACCSUSFTA  ) 

C’6C  ABETA«APCOS!AMETAJ 
....  ALPHA. ACtS(ALPHA) 

C36f  AL°HA. APCnS< ALPHA) 

AV4REA-  P1*P1P(  AB  ETA-SIN1  (ABET* ) *f  OS  (ABETA)  J 
VAREA<NOFG>-  R2PP2*(  ALPHA-SIHULPHA)  *COS(  ALPHA  ) >*AVAREA 
, . GO  TO  700 
660  CONTINUE 

V^REMNgEGI.O.1?*?!*  (Rl*RI  + R2*P2)-?.OPRO*R3 

670  VARfA(NDEC»«0.0 
700  CONTINUE 

DO  750  NDEG.NSUOP.NSUSCL 

750  cONTIKUFEG,"!>I*<P***?)^<SLOT''‘2,*R3,*2,*R3 
ND7«NSU$CL*1 
ND6.NSUCL-1 

^0l80C  N0t  G*ND7#  N'06 
VAREA{NDEGJ.VAPEA{  N'SUOP-I ) 

«00  CCNTINUF 

ND9-360./AINC 
CO  650  NDFG*NSUCL»N'DR 
VA9£A(MOEGJ.O.O 
P 50  CONTINUE 

FAv  FOR  HAT?  J^5>Ic^SnP#N,>ROP#Nf>RSCL»>4PRCL»NSusOP'NSUOP,NSUSCL,NSUCL 
NJ-NDQ/6  * 

CO  860  J«1,NJ 

N2-J+NJ 

N3»J+?*NJ 

N4«J*3*NJ 

N5«J4A*NJ 

K6* J*5*N J 

Sli 

HPRES3* PRESS 
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Midttrok*  oil  vo'umt  (PQVOU  * th#  volume  bnwwn  ptrt 
*tcm  «rvd  tN  bottom  of  tho  hollow  piston. 


FIGURE  4-11 

MOTOR  VALVE  PLATE  PARAMETERS 
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4.16.3  Section  2 - Calculation  of  Piston  Precompression  Pressure 

Section  2 calculates  the  cylinder  pressure  which  exists  just  before  the 
cylinder  slot  starts  to  open  to  the  valve  plate  outlet  (pressure)  slot.  This 
pressure  Is  the  result  of  piston  motion  during  that  portion  of  cylinder  block 
rotation  when  the  cylinder  slot  Is  blocked  by  the  valve  plate,  between  the  inlet 
and  outlet  slots. 

4.16.3.1  Math  Model 

Piston  motion  is  sinusodial  and  due  to  the  fixed  swash  (SWASH)  angle  of 
the  hanger.  A pressure  dependent  factor  for  leakage  from  each  cylinder  to  case 
3 estimated  for  cylinder  pressure  above  the  input  case  pressure  as 

PLEAK  » TLEAK / (PRESS*NAPP) 

Leakage  from  the  case  to  each  cylinder  for  cylinder  pressures  below  case 
pressure  Is  estimated  from 

SLEAK  - -(TLEAK/NAPS/SQRT(CSPRESS) ) 

Cavitation  volume  in  the  cylinder,  if  any,  is  calculated  end  tracked 
throughout  the  cylinder  block  revolution.  Piston  pressures  arc  stored  for 
each  position  throughout  the  360°  calculation.  Time  dependent  oscillatory 
outlet  pressure  is  initialized  to  zero  PSI. 

4.16.3.2  Assumptions  - For  the  first  calculation  rpm,  the  piston  is  assumed 

to  be  completely  filled  on  the  inlet  stroke  and  the  initial  cylinder  pressure 
is  assumed  to  be  the  input  steady  state  value.  The  remainder  of  the  simulation 
uses  the  initial  cylinder  pressure  of  the  last  speed  calculation.  Pressure 
dependent  leakage,  and  sinusoidal  piston  motion  are  assumed.  Bulk  modulus  is 
recalculated  at  each  step  based  or  the  last  step  cylinder  pressure,  and  the 
bulk  modulus  formula  used  in  FLUID. 

4.16.3.3  Computation  Method^-  The  calculation  is  performe:.  . . z1  degree 
increments  (DANG)  with  the  initial  cylinder  slot  centerline  angle  (THETA) 
computed  from  the  inlet  slot  end  angle  (THSUCE)  and  the  cylinder  slot  half- 
angle (SLTKAC).  The  number  of  calculation  steps  (NSTEPP)  is  computed  based 
on  index  positions  defining  the  end  of  the  inlet  slot  and  the  beginning  , 
of  the  outlet  slot  in  the  valve  plate. 


4.16.3.4  Section  2 - Listing 
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SECTION  2-  PISirK  PRECOPPPFSSION  CALCULATION 

PIA-DIAPISP*?*P!M.O 

PI$PR<NSUCL)-LPPE$S 

CAVOL-O.I/C 

SAN«R3r)RC*TAN(  SWASH/57.3) 

CHAX»0.3*$A«*PIA 
0®F ■2.0/RHU 
CRF*.t!>*SORT(ORF) 

CONTINUE 

SPLOW»OHAX*Y 

NSTEPP-N0UND9-ND8-2 

DPRe$P*C.C 

LPRFSP-PISPP(NSUCL) 

THETA*($LTHAC,-THSUCE)/57.3 

PLEAK-TLF AK/{ PBESS*NAPP) 

SLEAK  — (TLFAK/NAPS/SOPTICSPPES)  > 
f)ANG«AlNC/57.3 

?I«rIo£cJIan! ASWASW)  . 

XL AST ■— S A*COS (I  HE T A ) 

WRITE { 6#  925 ) C AVTL . NSUCL, L °RF S®» XL  AST, THETA 
00  160  I • 1 , NS  TE  PP 
IF(LPPESP.LT.CPPPSS»  GO  TO  162 
D^EAK-|^PRESP»DPp£SP/2.-cPkESS)*PLE4X*DT 

DLEAK-SOPT(CPPFSS--LPRESP)*SLEAK*DT 

flULK?KBUt_K*12,*(LaPESP'*DRfc5S) 

THETA •THE  T A ♦ DANG 
XNEW«-SA*COS(THFTA) 

DX-*  XNEW  -XL AST 

E«£*I^XNCW*PIA 

PPRESP»<CV1L“DLEAK“CAV0L  )/LVOL*Pl'LKP 


XLAST«XN£W 
L PRESr  ' 


166 


,RESP®IPRESB*DPPESP 
NP“N$UC  L * I 

IF(NP.G£,Nn9-H)  NP«NP*N09 
IFtlPRESP.GT.C.Cl)  GO  TO 
C A VQt. «C  A Vul  -D  VOL  +0L  EAK 

LPRESP-0.01 
DPRESP^-OoO 
GO  TO  169 
166  CAV0t«C*0 
169  PISPR|NP)*LPRFSP 

IF { Y.EO* ) GO  TO  1M 
I«CY,E0.100C.)  60  TO  161 
jjj-t  7^0.3600.  I 60  TO  161 

16MIEdfji«!mL«r?k<!teUpK?5|TA 


160 


NT IKUL 
VOLC*C )VOL 


XOLO»XLAST 


150 


170 


THsf) 

6o  150 

PP1 

KKN 

KK  » 1 

CONTINUE 


TA 

N»1 # 81 


'N)*0.0 
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4.16.4  Section  3 - Motor  Outlet  Flow  Calculation 

The  calculation  of  motor  outlet  flow  is  identical  to  that  described 
in  Section  4 of  the  pump  model,  paragraph  4.5.  The  initial  calculation  is 
based  on  the  input  steady  state  outlet  pressure. 

4.16.4.1  Section  3 - Listing 


SECTION  3-  hotpp  outlet  FLOW  CALCULATION 

C AVOL-CAVOLD 
XLAST-xrLD 
THETA-THfOLD 
CO  IRC  N-l,ei 

ieo  oot < n) »o.c  . . . 

WRITE (6, 92 5)  CAV0L»NP, LPRFSP* XL AST»TMETA 
DO  200  H.l,NAPP 
00  190  N«l#  SO 
NKH»NPR$CP*N+{N-1>*80 
IF(NK8.GF.NPRCL*1>  GO  TO  190 

thfta-thfta+dang 

XNEW«-SA*C0S(THETA) 

DX-XNEW-XLAST 

VA-P0VPL-XNEW*PIA 

XLAST-XNEW 

IF(CAVnL.GT.O.OO)  GO  TO  187 
8UIKP«BULK*12.+  (PISPR(NKW-1)-«>RFSS> 
IF(PISPR{NKH-1).GF.CPRESS)  GO  TO  1P6 
LEAK.StEAK 

LK1-1.+S0PT(8ULKP»+LEAK*DT/VA 
60  TO  185 
186  LEAK-PLFAK 

LK1»1.+BUIKP*LFAK*CT/VA 
185  LK?«(PI$P*(NKf»~l  )>PULKP/VA*nX*PIA)/LKl 
LK3*BULKP*DT/VA/IK1 
LK4»  (0RF*VARt AtFKW) )**2 
L K 5 <*LK3*LK4  *0.5 
LK6  - t K * { L K2  -HPPESS-FPT  (N)  ) 

LK7  «LK5*LK5  ♦ APfUKf) 

LK5  • -LX5  ♦S0PT(LK  n 
OO'JT-  S I G N ( L K 8 » L K 6 > 

PISPR(NX^)*LK2-0rUT+lK3 
IF(PI$PR<MKH).GT..Ol)  GO  TO  188 
CONTINUE 
L £ & K » 5 1 F A K 

00UT*-f  -0.6  5*VAPF  A(*K“>  CRT ( 2 . ♦ ( HPR F SS+PPT ( N ) > / If  i-*0 ) ) 

P I S ? » ( NX  K ) » » 0 1 

CAVOL vnt -0X*PI A*SIEAK *PT*CpPFSS+QOUT*DT 
IFKAVOL  ,LF.v‘.OC  > CAVOL-C.vO 
OOt  t«J«GDUT»00HK> 

IFIT.NE.5000.>  60  TO  190 
WRITE  I 6 • 93  ) > C A V f j l , N K N , P I S P 0 C N K *» ) , X L A S T t D X , V A , 

♦ LEAK. BUt ¥ P t THF  7 A , 00 X t N ) 

190  CONTINUE 
200  CONTINUE 

OOT  f 31 } »OQT 1 1 ) 


187 


18  8 
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4.16.5  Section  4 - Fourier  Analysis  of  Motor  Outlet  Flow 

The  motor  outlet  flow  Is  mathematically  analyzed  as  described  In 
Section  5 of  the  hydraulic  pump  model,  paragraph  4.6.  The  steady  state 
balancing  in  the  pump  model  is  not  done  for  the  motor. 

4.16.5.1  Section  4 - Listing 
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SECTION  4-  FOURIER  ANALYSIS  0*  MOTOR  OUTLET  FLOW 

C0EF-. 02469 
Cl». 07753 
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i :?:5 


JMCi) 

:rs»ci> 


c 

E 


21  j 

221 

230 
2 4\> 

?50 

255 

260 


FNTZ' 
J -1 


C 

00T ( 1 > 


l'2-Q.O 
Ul-0.0 
I ■ 81 

FORM  FOURIER  COEFFICIENTS  RECURSIVELY 
U0-00TI  J>*2.0*Cn'l-U2 
U2-U1 
U1-U0 
I-I-l 

I F { 1-1 ) 23O,230»22G 

QOFC'.  J>-C0EFMFNTZ-*C*U1-U2> 

C0FS< J) «C0FF*$*U1  . 

IF<  J-NHJP*-ll  ?40t250#250 

C »U3 

J . J*1 

EHFj?ifi8oFcm*o.s 

IFt  OOFC  (l).LE.O.OU  OQFCm-O.Ol 

COMPUTE  HARMONIC  FLOWS  FROM  FOURIER  ANALYSIS 


00  26C  I •ltNHAPH 

F01(X,KK)  • CMPLX(00FS(I+1)» 

CONTINUE 


OOFCCI+IH 


-rais  7*®*  ^ to  20G  " 


315 


nno 


. e fh.i-let  Pressure  - Flow  Balance  Calculation 

**  the 

w ootl.t  flow  in  section  6 of  the  pn.p  P*“«M'h  ' ' 

4.16.6.1  Section  5 - Listing 

SECTIOM  5-  OUTLET  PRESSURE-FLOW  BALANCE  CALCULATION 

270  CONTINUE 

TF  (KK  - 2)  280# 290# 300 
?8C  y.Y»PIs|N0*PI*KKN/30. 

Kih!^{,i'foi7}:}'<  i*io*n*m/uo  .mim  / ».o 

PfciCAesUcK^KKh^.O 
I F C Y «NE • 5000# ) GC  TO  281 
WRItI (t #16821  P6#QQFC(1) 

P3»PQ1< I#KK) 


281 


790 


JK-0 

is;.-!? 
!6M4S’ 


32C 


CA8SlPQin*KK)) 


IF(Yt5E!50Op!iK|f’T0  2P1 

f?J i isRi*14*S2»211l4?54tTi .SSlii «*oi c i,kk*i » ’ * 

pp*  tJ  . CABS (PCI ( I »KK#1  ) ) 

GO  TD  32C 

300  CONTINUE 

P01(J#KK)  • ZIRU)  * F 01 1 J#  KK) 

{KKRi'SSMli^’in  30] 

MR  I TE < 6* 16^2 ) P6#00FC(1) 

301  iSUjfl  C1PSI100  • (OOKJ.KK)  - 
5f(«KN*ST.NH«»»)  00  TO  335 

wkhd'  ■ F<,i"'<N'3’ 

■ton  c fiMT INUF 
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4.16.7  Section  6 - Reconstruction  of  Tine  Dependent  Putin?  Pressure 

Motor  outlet  dynamic  pressures  are  reconstructed  as  described  for 
the  pump  outlet  pressure  in  Section  7,  paragraph  4.8.  Balanced  outlet 
flcv  (Q(l) ) and  pressure  (P(l)>  are  stored  And  control  is  passed  to  the 
piston  decompression  section. 

4.16.7.1  Section  6 - Listing 
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SECTION  RECONSTRUCTION  OF  TIHF  DEPENDENT  OUTLET  PRESSURE 
CO  330  J»l»  81 


mu? 

IC'lfEII 


REAUP3)*  SIN(THETA)  ♦AIHA6IP3H'  COS(TKETA) 
Jl.LT.-HPRFSS)  PPTC J) a-HPRESS 


KK  • KK  4 1 

60  TO  17C 
335  CONTINUE 

4S«AST»ASW*SH*57.3 

kRI TE (6* 900)  ASWAST»SWASH#H°R€SS#PR?SS#Q0FC<1J# 

♦ SFL  0 W » T L t AK  # Y 

900  F0RMAT{/#7(F1^.4,3X)#Flt>.0#/) 

0m»F01{NH*RN,  3) 
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4.16.8  Section  7 - Piston  Decompression  Calculation 

The  calculation  of  piston  pressure  during  decompression  Is  Identical 

V 

to  the  precompression  calculation  described  In  Section  4.16.3.  Index 
numbers  for  the  decompression  portion  of  the  block  revolution  are  used. 
Cylinder  cavitation  volume  is  tracked  continuously.  Piston  pressure  is 
limited  to  .01  psi  if  the  cylinder  cavitates. 

4.16.8.1  Section  7 - Listing 
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SECTION  7-  PISTON  DECODE SSIQN  CALCULATION 


LPR 

MST 


DPR 


:£D«PJSP»{NPRCL) 


USOP-NPPCL 
0 

CAVC<LjNPRCL»LPRFSD»  XL  AST#  THETA 

?P<  t J GO  TP  363 
~ “ <LPPESD*DPPESD/2.-CPPESS)*PLFAK*DT 


36C 

365 


DLEAK 
GO  TO 
DLEAK 


365 


SORT«CPRESS“LPRESD)*SLEAKPDT 
BULKP*BULK*12.*?LPPES0-PPE:;S) 
THETA-THETA  ♦TANG 
XNEW— SA*COS<THFTA) 

D X-  XNEM  -XL  AST 
D VOL  • DX  ♦ P I A 

pnvni-xNFw  -xpia 

-(DVOL-DLEAK-CAVPL  >/LV0L*PULK» 

xlast-xnfw 

LPRESD-LPRFSD+DPPFSO 
NP-NPRCL+I 

?FSC.< 


LVOL- 

OPRESD- 


IFdPRj 


.GT.0.01)  GO  TO  918 


-CAVOL-OVPL+DLEAK 


CAVOL-CAVOL 

LPRESD-C.01 

86*f8W 


018 

C AVOL  *0 . C 

°2C 

PI$PP(NP)-LPRE$D 

IF( Y.E0.50. ) 

GO  TO 

922 

IF (Y«E0»lC00 

. ) GP 

TO  922 

IF( Y»F0»  5000 

.)  GO 

TO  922 

GO  TO  1CV0 

CAVPL 

#NP,tPPES0» 

922 

WRITE (6#  930) 

930 

925 

ic£o 


m 


♦XLASTj 


F0RHa^?E ib.t^SX#!!#^#^  .^,?^4(F1C.6»2X)#F10.0#5X# 2(F1G.3#5X)) 
F OR  MAT  { F10. 7#  5X#  1 3#  5X»  F8  .2  » ?X  # F 1C  . 6 > 53  X#  F10 . 3 ) 

CONTINUE 
CAVOIDbCAVOL 
X0L0«XIAST 
THEOLD-THETA 

KKM  • 1 


KK  - 1 

00  1050  \ 

ppiTn»«c, 

CONTINUE 


■1»«] 
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4.16,9  Section  8 - Motor  Inlet  Flow  Calculation 

Section  8 calculates  the  total  inlet  motor  flow  for  one  cycle  (40°  of 
cylinder  block  rotation  for  a nine  piston  motor).  Each  of  the  active  pistons 
sucking  (NAPS)  is  sequentially  Incremented  through  80  steps.  The  total  outlet 
flow  is  determined  by  summing  that  from  each  piston.  The  calculation  Is  started 
on  the  index  step  after  the  decompression  ends.  Pressure  in  the  first  cylinder 
is  initially  the  final  decompression  value.  Pressure  in  the  other  open  cylinders 
is  equal  to  the  sum  of  the  previously  calculated  steady  state  inlet  pressure 
(LPRESS)  and  time  dependent  oscillating  pressure  (PPT) . Cylinder  pressure  and 
flov  calculated  at  each  step  account  for  piston  and  valve  plate  leakage,  pressure 
drop  across  the  valve,  piston  motion,  and  fluid  compressibility.  The  math 
model  of  this  section  is  identical  to  the  pump  inlet  flow  calculation.  See 
Section  9,  paragraph  4.10  for  details  of  the  equation  derivation. 
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4.16.9.1  Section  8 - Listing 


ISIS  IS  BEST  QUALITY  PRACTICABU 

raoa  copy  TURaisHED  to  dog  — 


SEC  T IHN  P-  MOTOR  INLET  FLO*  CALCULATION 

CAVOLoCA VOLO 
SLAST-XOLH 
THETA-THFOLO 
. pn  1I5C  N » 1 » B 1 
115C  C0I(N)»0.t 

poriioo,^!;NAPs0L,NP,LPBESD'xLAsT*THETA 


DO  l 40C  N«l»60 


ft 


TO  1400 


KKN«f.SUSCP  + ? .i, 

IF(NKM.CE.NSUCL*'’  > 

THETA«THETA*r)ANC 
X{JES.*rs**COS«THFTA) 

PX»XNF  W-XL AST 

VA«P0V0L-XNFW*PIA 

XLAST-XNEW 

IFCCAVf'L  .GT.C.CC  ) GO  TO  137C 
BULKP.PUtK+12.*(PISPP (NKP-l>-PfiFSS> 

[IaK^EfJk'<M"1,,GE*CPPES^)  "o  ”60 

LK1«1.+SCRT(BUIKP)+LEAKTDT/VA 

. „ vfJ  in  I 3 r 5 

1360  LEAK-PLEA* 

LKltl.+PULKP^LPAK*DT/VA 

LK6-LK9  + I LK?-LR0ES$-P°J (V)  ) 

LK7  -L*5*LK5  ♦APS(LKA) 

LK3  « -LK5  ♦S0»T(LK7) 

CIN-SION  J LKP, L*6  ) 

PISPR<N*M)«Lk2-CIN*LK3 

137C  ?Sl?iSr)F'‘*'<”-G,"C11  GC  ” 13’° 

LE4*-$LFAK 

<NKH) -YoirA  <^K“,>*S0PT(  ;?**f  LPPFSS*PPI  f N>  >/RHP>  > 
^VnL-CAVnL-DX*oiA  + SI.FAK*OT*Cf>RFSSOIN*OT 
....  P «0»C0)  CAVPL-0-00 

1 3 £ u OOI(N)T,OiM4QOI(N) 

IH  Y.NF  *5wOU,  } Gf  ■ T 140C 

HWEi^U0[K^O?HF^AH?>I(3riSP,>(N'<M,»XLAST'RX»VA* 

14 OC  CONTINUF 
15fO  CONTINUE 

001 (01 ) -COT ( 1 > 
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4.16.10  Section  9 - Fourier  Analysis  of  the  Motor  Inlet  Flow 

Section  9 performs  a mathematical  harmonic  analysis  of  the  time  dependent 
motor  total  inlet  flow  calculated  in  Section  8 of  the  motor  model.  Tlow  is 
calculated  over  the  cycle  period  for  each  harmonic  from  the  fundamental  up  to 
and  including  the  input  harmonic  of  interest.  See  Section  10,  paragraph  4.11  of 
the  pump  model  for  details  of  the  calculations. 

4.16.10.1  Section  9 - Listing 


SECTION  9-  FOURIER  ANALYSIS  OP  NCTOR  INLET  PlOW 


1610 


COP P-.024fc9 
C1-. 07753 
SI  *$ IN ( C 1 ) 
Cl  •CC'StCl) 
S *0.0 

f NT  «Q0 1 ( 1 ) 
I «1 
U2*0«f> 

Ul«0.r 

I • PI 


PORN  FOURIER  COEFFICIENTS  RECURSIVELY 
1621  U0-0QKI  >*?.0*C*U1-U2 
U 2 * U 1 
U1«U0 
I-I-l 

IF(I-l)  1630,1630# 1620 
1630  OIFCJ J)«C0EPP(FNTI+C*U1"U2) 
0!FS(J}-C0FF*S*U1 
I F ( J—NHAP  M— 1 ) 1640,1650,1650 
164U  U3«C14C-S1*S 
S «C1*S+S1*C 
C «U3 


G0*T^l61C 

1650  0IFCm-0IFC«l)P.5 

COMPUTE  HARMONIC  FLOWS  F RQN  F0URIEP  ANALYSIS 

1*55  DO  166 C 1*1, NH* R ¥ 

F01I(I,KK)  - CMPLX(OIFS(  I + l>,  OIFCd+lH 
166C  CONTINUE 


T*<* 
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4.16.11  Section  10  - Inlet  Pressure  - Flow  3alance  Calculation 

After  the  calculation  of  pump  Inlet  flow  and  Its  Fouriar  analysis 
in  Sections  8 and  9,  Section  10  estimates  the  shunt  impedance  (Z0) . Shunt 
impedance  is  then  combined  with  the  system  supply  load  impedance  (ZIP) 
to  give  the  total  impedance  seen  by  the  pump.  This  value  is  then  used 
in  the  dynamic  pressure-flow  balance  calculation.  The  math  model  is 
identical  to  Section  6,  paragraph  4.7  of  the  PUMP  subroutine. 

4.16.11.1  Section  10  - Listing 


SECTION  10-  INLET  poESSl'PE-fLOW  B AL ANCF  CALCILATION 


167w 
If  P0 


CONTINUE 
I ■ KKN 

IF  IKK'-  2)  1680# 1690# 1700 
C0NTTNUF 

W-r»PISTNC*PI*KKN730. 

Z0-1.0E  5/WM  ,?#-l.  1 

PCII(I.KK)  - F Cl  I ( I # kk  )*Z0*ZA»U)/I7G  ♦ Z AP  I I ) ) I 5.0 
P5-CABS ( PO 1 1 < I*  KK ) ) 


) GO  TO  1.681 


HSf 

1690 


16°1 


Pb'lPRE SS/»5 
IF( Y.NF.5000, 

P7-P5*5.C 
WRITE (6#16P?)  °7#QIFC ( 1 ) 

FCR“AT<1C v,2(F10.4 )»// > 

P3»°01 I ( I#  KK  ) 

GO  TO  1720 
CONTINUE 

ZO  ■ P01I(I#KK— 1)  /|f01I(I,KK-l).C01f(I,KK»> 

r 01 1 I I » KK  ) •-  F01  I ( I#KK-1  ) *ZG*ZAP(  I)  / ( ZC  ♦/AP(I)> 


tt:tru\ ;?«,I,KKn 

IF  C Y.NE .5000. 1 GG  TO  1691 
WPITE(6»lf8?>  P 5 # 0 I E C ( 1) 


P3-PC1I ! I,KK  ) 
PP1I(I»KK+1) 


■°01I(I#KK-1) 
PQ1I(I#KR  ) 


. . p 01 1 ( I » KK  — 1 ) 

PPP(I)  • ATAN2I AIMAGIP01 H I#KK  + 1 ) )#RFAL ! PQ1I (I# KK*1  11) 
C.C  TO  172C 
1700  CONTINUE 
J-KKN 

PC1I(J#RK)  ■ ZAP(J)  * FOlIU.KKl 
P5*CApS<P01I( J,KK)  ) 

Pfe-LPPFSS/9? 

1713  IF? Y.NE .5000.)  GO  TO  17;  5 
WP1TE  ( 6 » 1 6 8 2 ) PS.OIi'CIl) 

1 7 1 S ETA(J)«CA3S(i00*(P0lI(  J#KK>-R01I(J,KK-in/P0n(J#KKn 
KKN  ■ KKN  ♦ 1 

IF(KKNv^T.NH1Pm)  0"  T">  3 4C 
KK  • 1 

FQ1I(KKM#1  ) • FQlKKK'i,?  ) 

GO  TO  1 6 7f 
1 7 ?0  CONTItUE 


r>n  r> 


4.16.12  Section  11  - Reconstruction  of  Time  Dependent  Inlet  Pressure 

Section  11  computes  the  time  dependent  inlet  pressures  (PFT)  from 
each  estimate  of  complex  dynamic  inlet  pressure  (P3)  from  Section  10. 
The  dynamic  balance  counter  (KK)  is  incremented  and  control  is  returned 
to  Section  8 until  dynamic  balancing  is  completed.  Complex  pump  inlet 
flow  Q (N1NLT)  and  pressure  P (NINLT)  for  the  harmcnlc  of  interest  are 
then  stored  fcr  returning  to  the  main  program. 

The  math  model  for  Section  11  is  Identical  to  that  for  Section  12, 
paragraph  4.13  in  the  pump  model. 

4.16.12.1  Section  11  - Listing 


SECTION  11-  RECOF  STRUCTI ON  OF  TIPS  DEPENDENT  INLFT  PRESSURE 


?san°.j:n6.}.o  .07854 

PPI(J>  ♦ R F4L ( P3 ) * *IN(THFTA> 

IfJPPK  J).*„T.-t  PRESS)  PPl(J)— LPPESS 


♦AINAG(P3)*  COS(THFTA) 


1730  CONTINUE 

KK  * KK  ♦ 1 
f-0  TO  1100 
34C  CONTINUE 

0JNINLT  > •F01I(NHA0N#3) 
P (NINLT  )«P01HNHARN,S) 
RETURN 
END 


C.TV 
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APPENDIX  F (CONT) 

HYTRAN  USER  MANUAL  (AFAPL-TR-76  A3,  VOL.  I) 


6.56  TYPE  #56  - HYDRAULIC  MOTOR 


TYPE  NO.  56  HYDRAULIC  MOTOR 


Type  #56  motor  Is  used  to  simulate  a constant  displacement  hydraulic  motor. 
In  developing  the  model  it  has  been  necessary  to  estimate  certair  leakage 
characteristics  and  assume  a viscous  damping  coefficient. 


CARD  NUMBER  1 


COLUMN 

FORMAT 

1-5 

15 

6-10 

15 

11-15 

15 

16-20 

15 

21-25 

15 

26-30 

15 

31-35 

15 

36-40 

15 

41-45 

15 

46-50 

15 

51-55 

15 

56-60 

15 

61-65 

15 

66-70 

15 

71-75 

15 

76-80 

15 

Component  Number 

Type  Number  = 56 

Number  of  Real  Data  Cards  = 2 


Line  Number  (with  sign)  attached  to  Connection  1 (Inlet) 


Line  Number  (with  sign)  attached  to  Connection  2 (Outlet) 


Line  Number  (with  sign)  attached  to  Connection  3 (Case  Drain) 


Temperature/Pressure  Code  (See  Page  4.0-2) 


EXAMPLE  CARD 


COLUMN 


FORMAT 


DATA 


DIMENSIONS 


1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 


E10.0  Motor  Displacement 

E10.0  Case  Drain  Leakage  Coefficient 


IN  /REV 
PSt/CIS 


PSI 


2 

IN-LB-SEC 

In-LB? 

PSI 


PSI/CIS 


6.56.1  MATH  MODEL 


MTR56  simulates  a simple  hydraulic  motor.  Figure  6.56-2  shows  the  various 
torques  acting  on  the  motor. 


Summing  the  torques  yields: 

T1  - Tg  - Ti  - Td  * Tf 

where  » resisting  load  torque  on  the  motor  (in. lb) 

* generated  motor  torque 

” resisting  torque  due  to  motor  inertia 

Tj  ” resisting  torque  due  to  damping 

Tj  * resisting  torque  due  to  friction 
The  load  torque  (T^)  is  set  to  zero.  The  other  torques  are  defined  as: 


T - DM* (P1-P2) 

8 

Ti  - ALPHA*! 


(RPS-RP5.  J*I/  t 
last 


Td  - CD*DM*p*RPS 
KPS 


Tf 


|RPSt 


*CF*DM* (P1+P2) 
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where 


DM  « motor  displacement  (IN^/RAD) 

PI  » inlet  pressure  (PSIA) 

P2  ■*  outlet  pressure  (PSIA) 

RPS*  motor  speed  (RAD/SEC) 

RPSiast  ” last  time  step  calculation  of  motor  speed  (RAD/SEC) 

CD  * damping  coefficient 

fi  * fluid  viscosity  (IN^/SEC) 

CF  -*  coefficient  of  dynamic  friction 

t * calculation  time  step  (SEC) 

2 ' 

I * motor  inertia  (LB*IN*SEC  ) 

Using  the  last  time  step's  calculation  of  PI,  P2  and  RPS,  a value  for  the  friction 
torque  may  be  calculated. 

t - RPS1 

Tf  " — *CF*DM*(P1+P2)  = DFRIC 

last 


Grouping  of  the  inertia  and  damping  components  of  the  torque  equation  allows 
further  simplification. 

T.  + T,  - CD*DM*u*RPS  + (RPS-RPS,  „)*I/At 
d . i last 

- RPS(v*DM*CTH-l/At)  - RPS.  *I/At 

last 

By  defining  the  variables: 

DAMP  = CD*  U*DM+I/AT 

' CINF.RT^  RPS,  *I/At 
last 

The  torque  balance  becomes 

T = DM*  (PI-P2)  -RPS*DAMP~DFRI(’+CINERT 

with  PI,  P2  and  RPS  being  the  unknowns 
The  flow  diagram  for  the  motor.  Figure  6.56-3  gives  the  following  flow 
relationships : 


QM  - RPS*DM 

QC1  •>  (P1-P3)  /ZCASE 


QC2  - (P2-P3) /ZCASE 

where 


ZCASE  - case  leakage  coefficient  <PS1/CIS) 

P3  * case  drain  pressure  (PSIA) 

Initially  assuming  QC1  and  QC2  are  zero  one  can  write 
PI  * Cl  - DM  * RPS  * Z1 
P2  • C2  + DM  * RPS  * Z2 


having  found  PI  and  P2  in  terms  of  RPS,  the  torque  balance  becomes 
T - DM  (P1-P2)  + CINERT  - DPRIC  - F.PS  * DAMP 
the  solution  of  which  i3: 

RPS  - (DM  (P1-P2)  + C INERT  - DPRIC  - FRPS  * T.)/DAMP 

la 

where 

T * Load  Torque 

Lt 

All  the  motor  flows  may  now  be  calculated  and  P3  determined  using  the  values  cf 
PI,  P2  and  C3. 

6.56.2  ASSUMPTIONS 

Breauout  pressure  drop  is  assumed  to  follow  the  relationship 

delta  P.  , * ,5*P.  , + 30,  which  was  derived  from  the  test  results, 

brk  inlet 

The  coefficient  of  dynamic  friction  is  assumed  to  be  .106. 


6.56.3  COMPUTATIONAL  METHOD 


1000  SECTION 

In  the  1000  section,  all  DT  variables  are  Initialized  to  zero  and  the 
leakage  terms  are  corrected  for  viscosity. 

1500  SECTION 

A check  Is  made  for  the  leg  under  calculation  (pressure,  return, 
case  drain),  by  which  control  Is  routed  to  one  of  three  areas. 

If  the  motor  connection  in  the  leg  is  number  one  (pressure),  DT(P1) 
is  set  equal  to  the  upstream  node  pressure  and  control  is  returned  to  the 
program. 

If  the  motor  connection  is  number  2 (return),  new  values  of  the  upstream 
pressure  and  laminar  flow  coefficient  are  calculated  using  the  leg  flow  and 
cross  port  leakage  term.  DT(P2)  is  set  equal  to  the  upstream  pressure. 

If  the  leg  under  calculation  is  connected  to  the  case  drain  port,  the  leg 
flow  and  case  drain  leakage  term  are  used  to  calculate  new  values  of  upstream 
pressure  and  laminar  flow  coefficient.  DT(P3)  is  set  equal  to  the  upstream 
pressure. 

2000  SECTION 

The  2000  section  corrects  cross  port  and  case  drain  impedances  for 
viscosity  and  calculates  the  constant  DT(DAMP). 

3000  SECTION 

Predicted  values  of  PI,  P2,  and  P3  are  made  based  on  the  line 
equations.  These  values  are  used  to  calculate  the  dynamic  friction  force, 
the  motor  delta  P for  a breakout  check,  and  case  drain  parameters. 

From  the  predicted  pressures,  values  of  the  temporary  variables  are 
calculated. 

A check  is  then  made,  using  the  predicted  values  of  PI  and  P2,  to  see  if 
the  pressure  drop  across  the  motor  is  sufficient  for  breakout. 

If  the  last  calculation  cf  RPS  is  zero  and  the  predicted  value  of  the 
pressure  drop  is  less  than  that  required  for  breakout,  flows  and  pressures 
are  calculated  using  the  leakage  characteristics  of  the  motor. 

If  breakout  conditions  are  met,  a new  value  of  RPS  is  calculated,  from 
which  flows  and  pressures  are  calculated. 
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6.56.4  APPROXIMATIONS 

Case  drain  flow  is  calculated  based  on  a predicted  value  of  case 
fro.  th.  prevfou,  tlm.  sl„„  port  ^ 

it  is  neglected  when  the  motor  is  moving, 

6.56.5  LIMITATIONS 

The  sign  of  the  dynamic  friction  term  is  determined  from  the  last  time 
steps  calculation  of  R PS.  This  will  cause  a slight  inaccuracy  when  the 
model  passes  through  zero  RPS  during  a reversal. 


o-^o. b VARIABLE  NAMES 
VARIABLE 


BRAKE? 

O(BRAKET) 

»(CAS£) 

CIN/COUT 

CINERT 

D(CDROP) 

DT(DAMP) 


DELTP 
DFRIC 
D (PM) 

D( INERT) 

U,  12,  U 

D(LTORQ) 

DT (PI) 
DT(P2) 
OT(PJ) 


DESCRIPTION 

Absolute  Value  of  Kotor  Speed 
Breakout  Pressure  Drop 
Breakout  Torque 

Case  Drain  Leakage  Coefficient 

Temporary  Variables 

Torque  Due  to  Inertia 

Motor  Pressure  Drop  Coefficient 

Inertia  Damping 

Calculation  Time  Interval 

Motor  Pressure  Drop 

Torque  Due  to  Dynamic  Friction 

Motor  Displacement 

Inertia  of  Motor' 

Dummy  Variables 
Load  Torque 
Inlet  Pressure 
Outlet  Pressure 
Case  Drain  Pressure 


DT(SPS) 

V(VWAHP) 

DT(ZCASE) 


F ’ Sign 

Inlet  to  Cas»  Flow 
Outlet  to  Case  Flow 
Motor  Speed 

Viscous  Damping  Coefficient 
Case  Drain  Impedance 
Temporary  Variable 
Temporary  Variable 
Temporary  Variable 


UNITS 

RAD/SEC 

PSI 

IN-LB 

PSI/CIS 

IN-LB-RAD 

PSI/CIS 

IN-LE-SEC2 

SEC 

PSI 

IN-LB/RAD 

in3/rad 

IN-I.B-SEC 

IN-LB 

PSI 

PSI 

PSI 

CIS 

CIS 

CIS 

RAD/SEC 

PSI/CIS 
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6.56.7  gRSAgUBRpDTIHE  LISTING  1EIS  PASS  IS  BSST  QUALITY  FRA.CTICABIJI 

iscd  oqm  ncaisHSE  ro  ddc  ■ 

SUBPOUT  INF  f*TR5MD»DT»DD»L) 

C REVISED  JULY  1976  *♦+* 

DIMENSION  0(1C)4DT<1C)*DD(1)»L(55 

C0*1#0N  NTFLPL»NtrLPL»IPT»lROIST,NRTS/INEL#KNFL,NTOPL,NLPLT(61#3)# 
1PQLEG(90,12),LCS(90,10), 1 1 EG ( 190C ) » PN f 9C ), ON  190 ) 

COMMON/ SL  P/RAPR(1  SC  »9),PP(]  5C0 > » ON ( 1 5 00 > , P t 3CC > . C ( 30C ) , C ( 300 ) 

1, Z< 3CO .PHO(20) ,$20040(20),  VISC  (20), BULK (20 >, TEMP ( 20), PVAPC20) 

2,  AT°Rf S,T,OELT, TP  INAL, PL TDEL»*I, TITLE (20 >,LEGN, ICON 
3»KTEHP(99)»LSTART(15C)iNLPi(150),LTYBE(99),NC(99),INX»TNZ 

A,  INV»TSTFP,NL  IKE  ,NF  Li  I NO,  I E NTP, *NL INF » HNFL, MNLEG, MNODE ,KNPLOT 
5>MNLPTS,N0S 

INTEGER  C",CASF,CPPRT, VinA7P,DAMP,?CASF,7LEAK,Pl,P2,P3,RP$, 

lBREAKT#PpRNp#C,Mf-T,CDCASf:,CJ0(j0p 

r ♦**  p ARRAY  VARIABLES  *** 

DATA  PM/1/,C ASF/2/, POC A5E/ ’ / , VI D A »P /9 /, I NERT /5 / , BRE AKT/6/ 

♦ .0DPOP/7/oCPDPPP/6/*LTnPN/9/ 

C ***  PT  ARRAY  VAPIAPlIS 

DATA  PPS/l/»Pl/2/,  P 2/ 3 /,  P3/4/,pA-''P/5/,ZCASE/£/»ZLEAK/7/ 

♦#')VET/e/ 

IH  IENTP  >1000,2000,3000 

c 

f ***  1000  section 
,lCdO  CONTINUE 

I F C I Nf  L . T E . 0 ) GO  TO  1500 

oo  looi  i-i,lo 
1CC1  OT(I)»C.O 

C ***  LEAKACF  COEFFICIENT  VISCCSJTY  CORRECTION  ♦** 
c ***  VISCOSITY  OF  KIL-H-5606P  AT  125  F-.0213  **♦ 

0(0“)»D(DM)/(2.*Pn 

RETURN 

C 

C STEADY  STATE  SECTirw 

le00  CONTINUE 

IF< RNFL-2) 1501,1502, 15C 3 
1 5 Cl  PT< Pl)-POL?GllNF[,ll> 

RETURN' 

1H2  CONTINUE 

OA»°OlFG(INEt,l) 

OS«POLFG{ I N E L » 2 ) 

PCLEGTINEL, 6I-PCIS GCINcL,6)*0(CPDR0°) 

POLEM I NFL, 5)-P0lECllNEL ,i)~D(PnPOP) 

POt  E0( INF L, 13 > -POLLGT IKE  L , 1 1 ) -0 ( POP  OR ) -0 (CPDPOP ) *0A *0S 

rTl<»2)-o0LFG(INFi  ,H) 

RETURN 

1*03  CA»P0lFG(INFL,1) 

0S-°5UC-(INFL,?} 

POLFG(  INCl.,5) -POl  EC  (INEL,5  J-D(PDCASF  ) 

PQLEGC IN£L,6) -RCLEC (INEL,6)*0(CASE ) 

POLEGCINFL ,11 ) -POLFGC I NF L , UI -0 A* OS *D TC ASE )-DCPOCASf ) 

CT(C,3)-0CLEG(  I NFL, 11) 

PETURN 


C 

C * ** 

20  CO 


ROO 


20 00  SECTION 
CONTINUE 

DT(BPS)"0(L(1)}/C(DM) 

N-KTEnpjifO) 

OTCOARP  , -0< VIDA "P)*P HOC N )*V  ISC  ( N ) *D  C DM  ) ( INERT) /PELT 
0T<  7C ASF  J-ZJL ( 3 n*<DT{ PI )>DT(R2) )~2.*?IL (3) )*CT(P3> 
DT(?CASF>-DT{?CASR)/(DT(P3)-CfLm)> 

WPITECft,  9C3MDTC ,),  1*1,6) 

FORNATJ  5X,BF12.5) 

RETURN 
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6.56.7  MTR56  SUBROUTINE  LISTING  (CONTINUED) 


r '♦* 
3tf(/0 


mhiivinH 

L 1 - L (1  ) 

L2«L  m 
L3«Ln) 

PC4V-PV4P  *KT;mp i jNp) ) 

*P0S«ARS(DT(RPS> • 

SP=S«SX0N(  l.C»PT(PPS) ) 

C INE»T»OT(PPS) *Of  DEPT 1 / DE L f 

rFPic».i».<.*c(r*'i*(PT(pi)+pT(p?n*spps 

OELT®-DT(“l)-PT(P2» 

°our-pT(p?) 

IFt OFLTP.LT.O.C )POI!T»OT< PI) 
pPAKPD*.0A*PnuT4?«i. 

IF(ABS<f'M.TP).LT.<3PAK'-:P.AN!),*RPS.Le.10.) 
C IN  »C ( L 1 ) 

C OUT  »C ( L 2 ) 


2iN-mi> 

2 CUT - 7 t L ? > 

PlN«CU-0{D«)*0T(Ra3)*ZIK 

°OUT«CnUT4  0(n«)*[!T{oD5)*7riiT 

3«.'t)*cI^»t-OTPIC-SRPS*C(LTCR0)),DT(DAHP) 

K10  D T ( P P S ')*(.» 0 

DT(Pl!«C(ll}/mi)4  0T(P.i)/r,T{7CASF) 
r T { p 1 ! • 0 T ( 3 1 ) / n . / ? ( L 1 ) ♦ 1 . / P T ( l c t S E ) ) 

0T(D2).C<l7f/?(L'’'.  4r>T(P3)/('T(Z<‘&<F) 

pIllUcTt^r  2 ) ♦ 1 • / 0 T C Z C 4 S F » ) 

P(L»)»DTIft2) 

OIL  1 ) »(C( l 1 ) — n T ( Pi ) ) / Z ( t 1 ) 

OIL?).(m?)-rT(P?)  >/7(l2 
, , CIS). 0(11)40(12) 

?L  70  C((3)«-0(LB) 

PT,P3)«C(L3)~Oil3)*Z(L3) 

P(L3)»0T(P‘3) 

vFnH6.')oo)c<ii),r(i?),:<L3).c(m.o(L2>,Qm) 

0 E T U <<  K 

■»0*0  CONTINUE 
P ( L 1 ) * p I S 
K L 2 ! ■ P 0 1 1 T 
OT(PI).P^ 
rT(P2)«ori’T 

0(Ll)«r!fMl*3T(pcs) 

c (12)— 3(11) 

£IS£2!,*£tL'nMr'r<01>*DT(p2>'*r”'(7C4SE>*C(L3> 
rT(P3!«DT(P?)/(?. *7(13)4  PI r?r ASF)) 

1 F ( 0 T ( P 3 ) . L T p C A V ) I'  T ( P 3 ) ■ F C 4 V 
IF  (DT(ONfT)  .f-T.o.O)DT(  P3)  .PC7-W 
cIl*U'TIDJ>"PT(P3))/riT(7CA';r> 
cc?»  ;5t  c p ? > --d  r Ip? ) > /r-  r Izcasf  5 

IF  < 0 T ( *»  3 ) .FO.PCAV  )C3  TO  3100 
0( L 3 ) «CC  I40P2 

00  TO  3C 7v 

3100  C (L3  )* (0 (L ? )~HT (P3  ) )/7 (t * ) 

0T(  0»f T ) •( r (ONE  T )-0(l 3 ) -COl -0' ’ 

1 F)  i)T  ( ovf  r ) .L  F .0.0  JOT  ( ONf  T ) *0,0 
P < L 3 ) * 0 C A V 

octT,LU  *'<5w0  ,C  ft^JAC(L?)#C(L3),.0(U)»O(L?)#0(l3) 

p fc  T *J  * ; 

F NT 


REFERENCES 

1.  Amies,  G.  E. , Greene,  J.  B. , Levek,  R.  J.,  Pierce,  N.  J.,  AIRCRAFT  HYDRAULIC 
SYSTEM  DYNAMIC  ANALYSIS-FINAL  REPORT,  AFAPL-TR- 77-63,  October  1977. 

2.  Amies,  G.,  and  Greene,  J.  B. , HYDRAULIC  SYSTEM  DYNAMIC  ANALYSIS-FREQUENCY 
RESPONSE  (HSFR)  COMPUTER  PROGRAM  USER  MANUAL , AFAPL-TR-76-43  VOL.  Ill, 
February  1977. 

3.  Amies,  G.  and  Greene,  J.  B.,  HYDRAULIC  SYSTEM  DYNAMIC  ANALYSIS-FREQUENCY 
RESPONSE  (HSFR)  COMPUTER  PROGRAM  TECHNICAL  DESCRIPTION,  AFAPL-TR-76-43  VOL. 
IV,  February  1977. 

4.  Amies,  G. , Levek,  R.,  and  Struessel,  D.,  HYDRAULIC  SYSTEM  DYNAMIC  ANALYSIS- 
TRANSIENT  ANALYSIS  (HYTRAN)  COMPUTER  PROGRAM  USER  MANUAL,  AFAPL-TR-76-43 
VOL.  I,  February  1977. 

5.  Amies,  G. , Levek,  R.,  and  Struessel,  D.  , HYDRAULIC  SYSTEM  DYNAMIC  ANALYSIS- 
TRANSIENT  ANALYSIS  (HYTRAN)  COMPUTER  PROGRAM  TECHNICAL  DESCRIPTION,  AFAPL- 
TR-76-43  VOL.  II,  February  1977. 

6.  deGarcia,  H. , HYDRAULIC  LINE  RESPONSE  TO  PUMP  PULSATION  EXCITATION,  MDC 
Report  A4163,  10  January  1977. 

7.  Timoshenko,  S.,  Young,  D.  H. , VIBRATION  PROBLEMS  IN  ENGINEERING, 

D.  Van  Nostrand,  1956. 

8.  Den  Par top,'  J-  P.,  MECHANICAL  VIBRATIONS,  McGraw-Hill,  1947. 


337 

*U.S.Q<mrr>mer,t  Prlntlns  Office,  1979 -- 6S7-00J/46S 


